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Abstract 
 
Flow visualization is a necessity in thermoacoustic devices to study the behavior of the 
devices and relate visualization outcomes to other experimental and computational results to 
help obtaining a complete understanding of physics of flow in thermoacoustics. In this work 
particle image velocimetry (PIV) was used to investigate the effects of changing the porosity 
and length of meshed ceramic stacks on the acoustic behavior of thermoacoustic oscillations 
in a thermoacoustic refrigerator with no heat exchangers and operated at atmospheric 
pressure. PIV was also used to study the vortex generation morphology at the premises of 
parallel plate stacks as vortices are one important source of efficiency loss in thermoacoustic 
devices. A glass-quartz acoustic resonator was built with a loudspeaker attached to induce a 
standing acoustic wave inside the resonator. Meshed ceramic stacks with different porosities 
and lengths were utilized to study the acoustic behavior. In addition, sets of parallel plates of 
aluminum and acrylic were used to study the flow morphology. The acoustic behavior 
measurements showed that as the meshed stack porosity increases the value of the acoustic 
power decreases unlike expected. This concludes that the viscous friction effects are 
dominant over the change in porosity as far as the gas parcel velocity and acoustic pressure 
amplitude are concerned. The morphology study aimed at visualizing the change in vortex 
generation behavior at different amplitudes and different configurations of the parallel plate 
sets. The results showed that as the amplitude of the dynamic pressure increases the size and 
displacement of a vortex increases. Also, as the plate spacing decreases the amount of 
disturbance increases due to the interaction of vortex structures together. Additionally, the 
combined effect of increasing amplitude and decreasing plate spacing would lead to higher 
disturbance. Vortex shedding was not observed, but visual inspection of the results showed 
that the existence of vortex shedding is affected by both the frequency and the dynamic 
pressure. Vortex shedding would occur if the acoustic cycle period is less than the time 
required by a vortex to completely develop. The time of vortex development is a function of 
its size and thus of the dynamic pressure amplitude. The results also showed that the flow in 
between the parallel plates is disturbed only when a vortex re-enters into the parallel plate 
channels. The amount of disturbance that the re-entering vortex causes is directly 
proportional to the size of the vortex.   
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Chapter 1. Introduction 
 
Thermoacoustics relates to the rich and complex interactions between thermodynamics and 
acoustics. Thermoacoustic engines convert thermal energy into acoustic energy, which is one 
form of mechanical work. Thermoacoustic refrigerators convert acoustic energy into 
refrigeration effect. Research in the thermoacoustics field has gained great interest throughout 
the past decade as thermoacoustic devices can be driven by solar energy or waste heat, 
operate with inert gases – thus are environmentally friendly – and without moving parts. 
Additionally, a thermoacoustic refrigerator can be driven with a thermoacoustic engine, 
which in turn is driven with solar energy, thus making a solar-energy-driven refrigerator. 
Although simple in concept, rather complex phenomena are present in thermoacoustics. This 
multidisciplinary field involves the integration of acoustic systems, thermal components, 
electro-dynamic drivers, fluid-mechanics, heat transfer under oscillating flow conditions, and 
mechanical issues related to sealing. The process of generating electricity or refrigeration 
effect through thermoacoustic devices has interesting results especially when the linear 
theory is not applicable anymore.  
 
Thus the need to study the phenomenon of thermoacoustics with all its aspects arose. It 
became necessary to go deeper into studying the flow morphology and the thermal 
interactions. 
 
The objectives of this work are to perform two main tasks; the first is to study the acoustic 
behavior of a thermoacoustic refrigerator with no heat exchangers experimentally and 
numerically in order to determine how changing the stack configuration affects the two main 
acoustic parameters: the acoustic pressure and the gas particle velocity. As the device is 
operated at atmospheric pressure, the refrigeration effect is rather very low and can be 
neglected. The presence of heat exchangers would sustain any thermal effect, but this is 
beyond the scope of this work, as the aim in this work is to study the acoustic and viscous 
effects only. Inherent in this task is to quantify the parameters of the electro-dynamic speaker 
used to drive the thermoacoustic refrigerator. The second task is to visualize the flow of air 
particles inside and outside the channels of a set of parallel plates, aiming at defining the 
effect of changing plate configurations (thickness and separation between plates) on the flow 
physics and particularly the vortex generation behavior as vortices are one major source of 
efficiency losses in thermoacoustic devices.  
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For both tasks pressure and velocity measurements are necessary: A differential microphone 
setup to measure the end pressure in the thermoacoustic resonator and an electret microphone 
setup to measure the spatial pressure distribution along the length of the resonator were used. 
As for velocity, particle image velocimetry (PIV) was used to determine the spatial and 
temporal gas parcel velocity behavior. 
 
‎Chapter 1 is an introduction to the thesis. ‎Chapter 2 is a review of the previous work.  
‎Chapter 3 introduces the experimental technique used to characterize loudspeakers for the 
sake of use in thermoacoustics modeling. ‎Chapter 4 illustrates the PIV and pressure 
measurement setups used for studying acoustic behavior and flow visualization. ‎Chapter 5 
describes the measurements performed to quantify the acoustic behavior of the 
thermoacoustic refrigerator under different meshed stack configurations. ‎Chapter 6 is 
composed of two parts; the first part is the flow visualization experiments done outside a 
parallel plate stack and the second part is the flow visualization inside the parallel plate stack 
channels. Conclusions are illustrated in ‎Chapter 7 and recommendations and future work in 
‎Chapter 8. 
  
3 
 
Chapter 2. Review of previous work 
 
2.1. Literature review 
 
The use of particle image Velocimetry (PIV) in studying the non-linear effects occurring in 
thermoacoustic devices such as vortex structures has gained much interest in the past decade. 
The study of the flow physics and specially vortex structures analysis has become of great 
importance aiming to quantify the non-linear parameters affecting efficiency of 
thermoacoustic devices.  
 
The use of PIV in thermoacoustics was strongly advised after successful PIV measurements 
were performed on measuring acoustic velocity of particle in normal acoustic field that are 
unrelated to thermoacoustics. Hann and Greated used PIV to measure acoustic particle 
velocity and streaming velocity in a standing wave tube [1]. Navaei and Sharp also used PIV 
to image standing acoustic waves in an air column [2]. Fischer et al used a synchronized PIV 
measurement technique to measure velocity fields in non-standing wave acoustic fields using 
an algorithm to differentiate between acoustic particle velocity and flow field velocity [3]. 
Nabavi et al. also used synchronized PIV measurement technique to measure spatial and 
temporal velocity distributions to study non-linear effects in acoustic flow and compare those 
to numerical solutions of the wave equation [4]. Siddiqui and Nabavi used out of phase PIV 
to measure the acoustic field of a standing wave proving that the acoustic field can be 
measures at separate location and then constructed again to give the complete wave form [5]. 
Rafat and Mongeau used PIV to measure the acoustic particle velocity and the streaming 
velocities in a standing wave environment [6]. 
 
One of the early works of using PIV in thermoacoustics was the work of Benon et al. where 
PIV was used to study the formation of vortex structures experimentally and a numerical 
model was developed for the same purpose and both experimental and numerical results were 
compared [7]. Berson et al. used PIV to study the formation of vortex structures at the edge 
of stacks at different configurations and also study the physics of the oscillatory boundary 
layer occurring at the inner surfaces of the thermoacoustic device [8]. Mao et al. were able to 
develop an experimental setup to visualize the flow inside a parallel plate stack’s channels 
defining distributions of turbulence intensities and calculating vorticity fields within stack 
premises [9]. Debesse et al. also measured acoustic particle velocity and velocity streaming 
but in a nitrogen filled standing wave resonator and at the free stream zone away from the 
stack region [10]. Aben et al. used dimensionless numbers that are used in describing fluid 
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mechanics to quantify the resulted vortex generation mechanisms visualized by PIV [11]. 
They also measured acoustic streaming and studied the influence of different stack 
parameters and stack edge shapes on the generated vortex structures. Jaworski et al. used PIV 
to study the flow morphology at the stack edges at the stage of entry into the stack [12]. They 
also studied the oscillatory boundary layer occurring during entry and built a numerical 
model to validate experimental results. Mao et al. used PIV results imaging flow physics at 
parallel plate stacks to build reference 3D maps to describe the flow in reference to the 
Reynolds’ number and the Keulegan-Carpenter number [13]. Shi et al. categorized several 
vortex wake patterns occurring at the end of a parallel plate stack into eight typical wake 
patterns and described them in the form of “combined symbolic codes of letter” [14]. Shi et 
al. also used PIV measurements of wake patterns to describe different vortex shedding 
patterns phase by phase during the ejection stage of the flow outside of the stack and 
discussed the impact of changing Reynolds number and the stack plate thickness on the 
vortex shedding patterns [15]. Babaei and Siddiqui measured acoustic streaming using PIV at 
both ends of a thermoacoustic stack at different drive ratios [16]. Mao and Jaworski used an 
analysis algorithm based on Fast Fourier Transform special filtering techniques to categorize 
vorticity fields imaged using PIV according to their intensities as large and small scale 
fluctuations and study their effect on the heat transfer process [17]. Shi et al. combined the 
use of PIV and PLIF (Particle Laser Induces Fluorescense) to measure velocity fields using 
PIV and thermal fields using PLIF [18]. Shi et al. continued the work of Mao et al. to include 
a wider range of parameters to quantify the relationship between vortex wake patterns and 
experimental parameters [19].  
 
The aim of this work is to use PIV to study the acoustic behavior of a thermoacoustic 
refrigerator with no heat exchangers operated at atmospheric pressure with meshed ceramic 
stacks and to study the flow morphology at the premises of sets of parallel plate in the same 
device without considering the thermal effects. 
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2.2. Theoretical overview 
 
2.2.1. Thermoaoustics 
 
2.2.1.1. Basic acoustics principles 
 
Sound defined as the vibration of air parcels can be generated as result of several interactions; 
the vibration of bodies, the change in air flow, rapid heating of air particles and supersonic 
flow [20]. The most important acoustic term used in thermoacoustics is the drive ratio. The 
drive ratio is the maximum dynamic pressure in the resonator divided by the mean gas 
pressure as shown in Eq. ‎2.1 . 
 Drive ratio = 
                
     
  Eq. ‎2.1 
 It is more practical to use the drive ratio to define the dynamic pressure amplitude in a 
thermoacoustic device to accommodate for different operating gases.  
 
Figure ‎2.1 shows a schematic describing the motion of air particles due to a sound wave. Air 
particles don’t move a great distance away from their initial equilibrium position, but rather 
oscillate around the equilibrium position moving very small distances to the right and left of 
the equilibrium position [21]. The sound energy is thus transferred from one particle to 
another and moved from the source to the target without changing the original location of air 
particles.    
 
 
 
The speed of energy transfer between particles is called the speed of sound while the speed of 
particle oscillation around the equilibrium position is called the acoustic particle velocity. 
The displacement of the acoustic particle away from its equilibrium position is a function in 
Figure ‎2.1 Air particle motion around equilibrium position due to a sound wave. (Courtesy of 
Everest, Pohlmann, “Master handbook of acoustics” [21]).    
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the dynamic pressure. The dynamic pressure and the acoustic particle velocity are the most 
important acoustic variables. Their dot product is called the acoustic power. Sound wave is a 
longitudinal wave where particles motion is parallel to the direction of wave propagation.  
 
Eq. ‎2.2 shows the definition of the speed of sound; 
      Eq. ‎2.2 
 
where (c) is the speed of sound in [m/sec], ( ) is the wave length in [m] and (f) is the 
frequency of the sound wave in [Hz].  
 
Similar to any wave a sound wave reflects, refracts and is damped. An important feature in 
sound wave reflection is the occurrence of a standing wave. A standing wave is the 
constructive interference of two sound waves having the same frequency with a phase shift of 
180
o
 between each other. A standing wave occurs when sound is driven in a tube or cavity 
and certain conditions are fulfilled. The two most common cases of standing waves in 
thermoacoustics are the half wave and quarter wave resonators. Both cases have different 
pressure and velocity boundary conditions. The half wave resonator has the wave length of 
the sound wave as twice as much as the length of the tube and both ends of the tube are 
closed, while the quarter wave resonator has the wave length of the sound wave as four times 
as much as the tube length while one end is open and the other is closed. For a standing wave 
to occur in both cases the length of the tube and the end conditions lust be fulfilled together 
for each case alone, both cases are not interchangeable. In other words even if the length of 
the tube is correctly related to the wave length of the sound wave but the end conditions are 
not matched the standing wave will not occur. The interesting factor in standing waves is the 
amplification of dynamic pressure and acoustic particle velocity under natural conditions 
without the need of external energy, thus increasing the total acoustic power inside the tube 
which is translated in thermoacoustics to higher acoustic power. 
 
2.2.1.2. Basic thermoacoustic principles 
 
Thermoacoustics is the science concerned with the study of the combination of acoustic 
pressure oscillation, particle velocity oscillations, particle temperature oscillations and the 
thermal interaction between particles and solid boundaries occurring due to the presence of a 
sound wave in a cavity [22]. This combination of effect is small to notice in normal daily 
conditions but the harnessing of these effects in well sealed cavities increases their output to 
produce powerful thermoacoustic devices. For example, during ordinary speech the sound 
intensity is 65 dB. The pressure variations are about 0.05 Pa, the displacements are about 0.2 
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μm, and the temperature variations are about 40 μK and thus the thermal effects of sound are 
not observed in daily life. However, at sound levels of 180 dB, which are normal in 
thermoacoustic systems, the pressure variations are 30 kPa, the displacements are more than 
10 cm, and the temperature variations are about 24 K [23] . 
  
Thermoacoustic devices are of two types; thermoacoustic engines and refrigerators. A 
thermoacoustic engine employs heat energy originally generated from a heat source (hot heat 
exchanger) to produce acoustic energy and reject waste heat. Figure ‎2.2 shows a schematic of 
a thermoacoustic engine applying the first law of thermodynamics where (Qh) is the input 
heat energy, (Qc) is the rejected waste energy, (W) is the produced acoustic energy, (Th) is 
heat source (hot heat exchanger) temperature and (Tc) is heat sink (cold heat exchanger) 
temperature. The engine efficiency is then the ratio between the output acoustic power and 
the input heat energy (W/Qh). Such efficiency is bound by Carnot’s efficiency according to 
the second law of thermodynamics. The main components as shown for the thermoacoustic 
heat engine are the resonator, the stack, the hot heat exchanger, the cold heat exchanger and 
the linear alternator. The linear alternator is the component that converts the output acoustic 
energy into useful electric energy.  
 
 
Figure ‎2.2 A schematic of a thermoacoustic heat engine with all its components, the spatial 
distributions of dynamic pressure, displacement and temperature along the length of a 
resonator and the gas parcel thermal cycle in a thermoacoustic heat engine device. The 
recommended distance between the plates is defined as four times the thermal penetration 
depth. (Courtesy of Swift, “Thermoacoustic engines and refrigerators – Physics Today July 
1995 [24]) 
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As illustrated before in (Section ‎2.2.1.1) the length of the resonator, the boundary conditions 
and the speed of sound are what determine the value of the operating frequency. It is also 
shown in Figure ‎2.2 in the lower left part of the figure the distribution of dynamic pressure 
and acoustic particle velocity (displacement) as imposed by the conditions of the standing 
wave. The spatial temperature distribution mainly changing in the stack zone due to thermal 
energy exchange between the stack and the surrounding gas medium is also shown. The stack 
must be of material that has high heat capacity so as not to oscillate thermally as the gas and 
low thermal conductivity to reduce the conduction losses between the hot and cold sides of 
the stack and must be placed in a zone where the resultant acoustic power is not zero. Thus 
stacks and heat exchangers are typically placed in the first or last quarters of a resonator. 
  
The total acoustic energy produced in the thermoacoustic engine is the integration of the 
energy produced from each of the gas parcels alone due to parcel interaction with 
surroundings (stack and other parcels with different temperatures). The gas parcel energy is 
delivered every acoustic cycle through the produced acoustic wave to operate the electro-
acoustic transducer. As shown in Figure ‎2.2 on the right side of the image the gas parcel 
activity starts by absorbing an amount of heat energy from hot location on the stack length 
and then moving towards a cooler location to deliver the heat energy where it delivers the 
energy, the net work done by the gas parcel motion is thus the resultant of the difference in 
temperature due to the imposed external heat at one side of the stack, the produced acoustic 
standing wave and the adiabatic heat exchange between the parcels and the stack. The gas 
parcels act as a bucket brigade causing a total amount of heat energy absorption (Qh) for the 
whole engine at the hot heat exchanger with temperature (Th) and an overall heat rejection of 
(Qc) at the cold heat exchanger with temperature (Tc).   
 
Two important length scales in thermoacoustic devices are the thermal penetration depth (Eq. 
‎2.3) and the viscous penetration depth (Eq. ‎2.5) [22]. The thermal penetration depth is the 
distance in which heat can diffuse through the in a time of (1/  ), where ( ) is the operating 
frequency of the thermoacoustic device. To keep the pressure and temperature oscillation 
running and the energy transfer process going on, imperfect thermal contact is required. 
Studies have shown that the convenient plate spacing value for such imperfect contact runs 
around four times the thermal penetration depth [22].  
     
  
    
 Eq. ‎2.3 
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where (  ) is the thermal penetration depth in [m], (K) is the thermal conductivity of the gas  in 
[W/m.K], ( ) is the rotational frequency in [rad/sec], ( ) is the density of the gas in [kg/m3] 
and (  ) is the specific heat at constant pressure of the gas in [J/Kg.K]. 
 
 The viscous penetration depth the distance in which momentum can diffuse through the in a 
time of (1/  ), where ( ) is the operating frequency of the thermoacoustic device 
     
  
 
 Eq. ‎2.4 
where (  ) is the viscous penetration depth in [m] and ( ) is the kinematic viscosity of the gas in 
[m
2
/sec]. 
 
A thermoacoustic refrigerator on the other hand Figure ‎2.3 is where acoustic energy (W) is 
supplied through an electro-acoustic transducer and similar to a thermodynamic heat pump 
the thermoacoustic refrigerator withdraws heat from a the cold heat exchanger (Qc) producing 
a refrigeration effect and rejecting waste heat (Qh) into the hot heat exchanger. The 
temperature gradient of the thermoacoustic refrigerator is less steep than that of the 
thermoacoustic engine.  
 
 
 
2.2.2. Particle Image Velocimetry (PIV) 
 
2.2.2.1. Main components and basic theory 
 
PIV is a non-intrusive, whole field and direct technique of measuring flow velocity. A PIV 
system is a body of smaller subsystems where tracer particles are added to the flow measured 
and illuminated using a laser light plane exposing a plane portion of the flow [25]. The 
illumination has to occur at least twice in very close time periods to capture the locations of 
the illuminated tracer particles at each illumination, measure the displacement and calculate 
Figure ‎2.3 A schematic of a thermoacoustic refrigerator with all its components. The 
recommended distance between the plates is defined as four times the thermal penetration 
depth. (Courtesy of Swift, “Thermoacoustic engines and refrigerators – Physics Today July 
1995 [24]) 
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the direction and amplitude of the particle displacement. The seed particle is to be selected 
carefully to reasonably follow the flow being measured exactly without slip. As shown in 
Figure ‎2.4 two short laser pulses with very small time delay (in the order of micro or milli-
seconds according to the measured velocity) are used to illuminate the tracer particles in a 
plane of the measured flow. A high speed, high resolution camera is used to record the 
scattered light by the tracer particles at the two different frames. The recorded graphical 
photos of the measurement are then digitized for further analysis. The cameras used 
commonly nowadays for PIV recording are charged couple device camera (CCD) having a 
large number of array sensor elements and very high rate of image capturing. The analysis of 
PIV recordings is done by dividing the photographed area into smaller sub-areas called 
interrogation areas. The motion of all seed particles within one interrogation area is assumed 
to be the same and the tracer particles are expected to follow the flow measured without any 
deviations. The velocity value is calculated by measuring the displacement of the particles 
and taking into consideration the time delay between the two illuminations frames. 
 
 
 
 
2.2.2.2. Seeding selection 
 
In general seed particles must be small enough to follow the flow yet large enough to reflect 
enough light, must be neutrally buoyant to allow enough time for imaging before the particles 
settle. The first key factor for selecting the type of seeding particles is the ability of the tracer 
particles to follow the flow correctly without slipping effects occurring. The second key 
factor is the light scattering properties of the tracer particles which is governed by the size of 
Figure ‎2.4 Experimental arrangement of PIV in a wind tunnel (Courtesy of Raffel et al., 
“Particle image velocimetry 2007” [25]) 
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the tracer particles and the material type [5] [25] [26]. The ratio of the tracer particle velocity 
to the flow velocity is computed according to Eq. ‎2.5 [5]. Convenient values for this ratio 
start from a minimum of 1000.  
 
 
  
         
       
     
          
 
Eq. ‎2.5 
where (R) is the ratio of the characteristic particle velocity (         ) in [m/sec] to the flow 
velocity (     ) in [m/sec]. Or; the flow wave period (     ) in [sec] to the response time of 
the tracer particles (         ) also in [sec]. 
 
           
         
   
         Eq. ‎2.6 
where (   is the ratio of the particle density to the fluid density, (d) is the diameter of the 
tracer particles in [m], (   is the kinematic viscosity of the fluid in [m2/sec]. 
 
       
 
 
 Eq. ‎2.7 
where (   is the flow oscillation frequency.  
 
2.2.2.3. Light scattering and particle density distribution 
 
For most PIV setups the value of the tracer particle diameter is larger than the wavelength of 
the incident laser light. Thus, Mie scattering theory applies [25]. Figure ‎2.5 shows a typical 
Mie scattering by a 1  m oil particle in air. 
 
 
 
As for particle density distribution, medium density of images is the convenient one for PIV. 
As shown in Figure ‎2. the middle photo shows the relative medium density image. The low 
 
Figure ‎2.5 A typical Mie scattering by a 1  m oil particle in air (Courtesy of Raffel et al., 
“Particle image Velocimetry” [25]).  
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and high density images cannot be correctly analyzed by PIV. If the seed particles are too 
low, then the number of seeds inside an interrogation area is too low to produce a significant 
correlation. If the seed particles are too much, then it becomes difficult for the PIV to identify 
individual seed particles for analysis. 
 
 
 
2.2.2.4. Double frame/single exposure recording technique 
 
Several techniques are used in PIV from which is double frame-single exposure, multi frame-
multi exposure, single frame-single exposure and single frame-double exposure. The use of a 
double or mutli-frame technique is only possible at the presence of high speed cameras. 
However the most commonly used technique is the double frame-single exposure taking two 
single images at two distinct frames that have a very short duration in between. Figure ‎2.7 
shows different types of single frame exposures and Figure ‎2.8 shows other types of double 
and multi-frame exposure. 
 
 
 
Figure ‎2.6 Low, medium and high image densities according to the amount if particles per 
image. The middle image with medium density is the one that should be attained in PIV 
(Courtesy of Raffel et al., “Particle image velocimetry” [25])  
Figure ‎2.7 Different types of single frame exposures used in PIV recording. (Courtesy of Raffel 
et al., “Particle image velocimetry” [25]) 
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2.2.2.5. Cross – correlation, adaptive correlation and interrogation areas 
 
Cross – correlation is the statistical analysis algorithm used to calculate velocity of particles 
from double frame recording techniques. The particle displacement is measured and the final 
particle velocity is calculated taking into account the time between the double frames, Figure 
‎2.9 shows the sequence of analysis in a typical PIV experiment. Cross – correlation accounts 
on using the Fast Fourier Transform to find the highest probability of the location of the 
tracer particle in the second frame relative to its location in the first frame and thus 
calculating the particle displacement [25] [27]. Cross – correlation is applied per each 
interrogation area and not for the whole imaged flow. The selection of the interrogation area 
is done on basis of the having maximum particle displacement not exceeding quarter of the 
interrogation area length in both {X} and {Y} directions [28]. Each interrogation area 
produces one vector. Each seed particle in the first frame is matched with a candidate seed 
particle in the second frame resulting in a displacement pattern for the whole interrogation 
window. The probability of correctness of the resulting pattern is high when nearly all vectors 
within the interrogation area are moving in the same direction. This process is then repeated 
until each seed particle from the first frame is compared to every seed particle in the second 
frame. For each seed particle alone, all probabilities are summed up where the point of 
highest probability becomes the location of this particular particle in the second frame. Figure 
‎2.10 shows a visual representation of how seed particles candidates are selected (in black 
arrows) and how the final pattern is expected to look like (in green arrows). Figure ‎2.11 (left) 
shows the probability of correctness of the assumed matches for one seed particle and Figure 
‎2.11 (right) shows the sum of probabilities for the same one seed particle after comparison to 
Figure ‎2.8 Different types of double and multi frame exposures used in PIV recording. 
(Courtesy of Raffel et al., “Particle image velocimetry” [25]) 
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every particle in the second frame. An overlapping concept is applied in PIV analysis where 
interrogation areas next to each other are partially overlapped to increase the number of 
vectors in each direction and account for the possibility of having some seed particles 
crossing from one windows to the other [25]. Adaptive correlation, which is a commonly 
used analysis method for PIV analysis is an advanced version of the cross correlation. 
Adaptive correlation accommodates for an increased dynamic range and better image detection 
accuracy in cases where seeding is inhomogeneous and particle density is varying [29].  
 
 
 
 
 
 
 
 
Figure ‎2.9 Sequence of analysis in a typical PIV experiment. (Courtesy of 
Dantec Dynamics [30]) 
Figure ‎2.10 Selection of seed particles’ candidates between the 
first and the second frame (black arrows) and the resulting 
pattern (green arrows) in one interrogation window. (Courtesy of 
the University of Maryland) 
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Figure ‎2.12 shows how the probability distribution of a seed particle’s velocity becomes more 
accurate as the number of seed particles increases. However, if the number of seed particles 
increases more than allowed (20 to 25 particles per interrogation area), it becomes hard to 
produce a peak in the probability distribution [25].  
 
 
 
 
2.1.3. DeltaEC analysis software 
 
DeltaEC (Design Environment for Low-Amplitude Thermoacoustic Energy Conversion) is a 
computer software designed to model thermoacoustic devices to study the performance of 
such devices and optimize their designs [31]. DeltaEC was built by Bill Ward, John Clark, 
and Greg Swift at the Los Alamos National Laboratory, USA. Version [6] of the software is 
the version used in this study.  
 
Figure ‎2.11 (Left) Probability of correctness of the matches of one seed particle from the first 
frame to candidate particles in the second frame. (Right) The final probability distribution for 
one seed particle after compared to every other particle in the second frame. (Courtesy of the 
University of Maryland)  
Figure ‎2.12 Increase in probability distribution accuracy of a seed particle’s velocity as the 
number of seed particles within one interrogation window increases to a range of 20 to 25 
particles per window. (Courtesy of Dantec Dynamics [30])  
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DeltaEC uses a simple interface where it divides the thermoacoustic into segments where 
each segment represents a component in the system. Segments are of different kinds and each 
segment has its own input variables depending on the segment’s type. DeltaEC also allows 
for variable input through text files. DeltaEC solves the wave and energy equation per each 
segment alone using the boundary conditions supplied through the input variables and then 
integrates the solution of all the segments throughout the whole modeled system. DeltaEC 
solves for only the axial spatial dimension where axial refers to the segment axis. DeltaEC 
assumes low amplitude acoustic approximation and sinusoidal time dependence.  
 
DeltaEC solves the second order Helmholtz differential equation for the complex dynamic 
pressure amplitude as two coupled first order differential equations for complex dynamic 
pressure and complex volume flow rate amplitude. The solution is computed over each 
segment solving for dynamic pressure, volume flow rates and other variables that have 
matched values at the interface between each segment the following segment. For solution in 
stacks or stacks the energy equation is solved simultaneously with the adjusted wave equation 
to find the mean temperature profile of the flow. 
 
DeltaEC solves using the shooting method numerical technique to converge for a set of 
variable and mixed boundary conditions allowing as well the definition of boundary 
conditions as functions of each other. DeltaEC can also accommodate for some non-linear 
effects appearing at high amplitude. 
 
Of the common examples of used segments in DeltaEC is  ‘DUCT’ , ‘HEX’ which stands for 
heat exchanger, ‘STKRECT’ AND ‘STKSLAB’ which define two different type of stacks, 
‘SURFACE’ which is dummy segment to account for losses in the resonator tube. 
‘HARDEND’  which simulated a hard were impedance is infinity, ‘CONE’ which defines a 
cone and ‘VESPEAKER’ which defines an electro-dynamic loudspeaker. 
 
Phenomena normally associated with high drive, such as acoustic streaming, boundary layer 
turbulence, separation or reattachment are neglected in DeltaEC causing the model to over 
predict performance at high drive ratios. Good comparisons between model and experimental 
results have been reported for drive ratios near 4%, while poorer results have been obtained 
for drive ratios approaching 9% [32]. Additionally, DeltaEC does not properly consider the 
effects of abrupt geometrical changes, since the effects of boundary layer separation and 
reattachment downstream are neglected and it also does not consider heat conduction in the 
heat exchanger metal. 
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2.2. Basic photography terminology 
 
The use of PIV as a measurement tool obliges a more than basic knowledge of the 
photography. Some terms are used in photography that go beyond daily use of cameras but in 
PIV are considered basic. Of which there is: 
 
2.2.1. Focal length, optical zoom and field of view 
 
The focal length is the distance in [mm] between the camera sensor/film and the optical 
center of the camera lens at the time when the subject is in focus. Optical zoom is the ratio 
between the maximum focal length and the minimum focal length of a lens. The field of view 
is the projection of the camera sensor/film size through the angle of view. The field of view is 
the horizontal and vertical dimension of the image [33]. Figure ‎2.13 shows a schematic 
illustrating focal length and field of view. 
 
 
 
2.2.2. Prime lens 
 
A prime lens is a photography lens that has one focal distance and cannot zoom in our out at 
the subject. 
 
2.2.3. Subject distance 
 
Subject distance is the real life distance between the subject and the camera lens. 
Figure ‎2.13 A schematic illustrating the focal length and the field of view in photography. 
(Courtesy of Digital Photography Review [34]) 
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2.2.4. Aperture 
 
The aperture is the size of the opening in the camera lens that controls the amount of light 
passage to the camera sensor [33]. The larger the diameter of the opening  
(the aperture number) the more light is allowed. The resultant of dividing the focal length of a 
lens by the aperture diameter is called the (f-number) which is more practical in use for 
photographers. Thus, as the (f-number) decreases for the same focal length, the aperture 
decreases and the darker is the image becomes but with a better depth of field (Section ‎2.2.5).  
 
2.2.5. Depth of field 
 
Depth of field refers to the focus zone before and after the main focus plane. It expresses how 
far the background of a subject under focus remains sharp. Aperture, subject distance, focal 
length and sensor type affect the depth of field. For a larger aperture (small f number) 
shallow depth of field occurs, for a shorter subject distance shallow depth of field occurs and 
for shorter focal lengths larger depths of field occur [33]. 
 
2.2.6. Shutter speed 
 
Shutter speed is the speed at which the camera sensor is exposed to light and then blocked 
again. Shutter speed is the reciprocal of the exposure time of the camera sensor to light. The 
higher the shutter speed the faster an image is captures [33]. It should be noted however that 
in the specific case of PIV the shutter speed and consequently the exposure time are 
controlled by the laser and the camera synchronization system. 
 
2.2.7. Macro lens 
 
A macro lens is a photography lens used to achieve magnification values higher than those 
achieved in daily close up photography where the details are mostly unseen by the naked eye 
[35].  
2.2.8. Pixel depth  
 
Pixel depth is the number of bits used to indicate the color of a single pixel in a bitmapped 
image or video frame buffer [36].  Color depth expresses how finely levels of color can be 
expressed or in other terms how fine color precision is in an image. In the use of grey scale 
PIV pixel depth defines the strength of the camera sensor in differentiating between white 
illuminated particles and black flow background. 
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Chapter 3. Characterization of electro-dynamic loudspeakers for 
thermoacoustic purposes 
 
Commercial electro-dynamic loudspeakers are widely used in driving thermoacoustic 
refrigerators. They represent the source of acoustic energy input. They simplify the design 
and operation by providing direct source of acoustic energy input rather than using a 
thermoacoustic engine to drive a thermoacoustic refrigerator. They are inexpensive, widely 
available easy to control and they provide acoustic power over a wide range of frequencies 
but they suffer from very low electro-acoustic conversion efficiencies. A loudspeaker is 
composed of several components including magnets and diaphragms and others that work 
together to produce sound. Figure ‎3.1 shows an image of a Pioneer TS-G1013R loudspeaker 
that was used throughout this work.  
 
 
 
 
Figure ‎3.2 shows a cross section in a typical loudspeaker. Electric current flows through the 
voice coils and while in the presence of permanent magnets an electromagnetic field is 
produced forcing the cone (diaphragm) to move in a perpendicular direction to the gap field 
moving air particles back and forth and producing sound [37]. 
 
Figure ‎3.1 The Pioneer TS-G1013R loudspeaker 
Figure ‎3.2 A cross section in a typical loudspeaker. (Courtesy of DJ society [38]) 
20 
 
It becomes very useful to describe loudspeakers in analogy to electric circuits in order to 
facilitate the understanding of loudspeaker performance when subjected to acoustic loads. 
The electric-circuit analogy is shown in Figure ‎3.3 where the loudspeaker is represented 
electrically as three stages; the electrical circuit followed by the mechanical circuit and 
finally ending by the acoustical circuit [39]. Table ‎3.1 shows the definition of the electric 
symbols and their corresponding acoustical matches. 
 
 
 
 Electric symbol Electric function Acoustic match 
Electrical circuit 
e Supply voltage Supply voltage 
Re DC resistance DC resistance 
Le 
Imaginary part of the voice 
coil inductance 
Imaginary part of the voice 
coil inductance 
Revc 
Real part of the voice 
coil inductance 
Real part of the voice 
coil inductance 
Mechanical 
circuit 
Mm Electrical capacitance Moving mass 
Cm Electrical inductance 
Compliance of the moving 
mass 
Rme Electrical resistance Suspension system 
Acoustical circuit 
MA Electrical capacitance Air mass 
rA Electrical resistance Radiation impedance 
 
The objective of this chapter is to quantify some of the important parameters of the electro-
dynamic speaker used. This is essential for full characterization of the thermoacoustic device 
built in order to understand its performance and to model the speaker numerically as part of 
modeling the device. DeltaEC is the software used to perform analytical modeling of the 
thermoacoustic refrigerator under study. 
Figure ‎3.3 Electric circuit analogy of a loudspeaker. (Courtesy of Engineering 
Acoustics – Wiki books [40]) 
Table ‎3.1 Definition of symbols used in the electric circuit analogy of a loudspeaker and their 
matching acoustical elements.  
(Courtesy of Engineering Acoustics – Wiki books [40]) 
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The parameters that characterize a loudspeaker are the effective cone area (Aeff), the DC-
resistance (RDC), the resonance frequency in the free field (fo), the lumped stiffness (k), the 
lumped mass (mo), the time constant ( ), the mechanical impedance (Rm), the electric 
impedance at resonance (Ze), the electro-dynamic force factor (Bl product) which is the 
product of the magnet field strength in the voice coil gap and the length of wire in the 
magnetic field. In addition, the spectral behavior of real and imaginary parts of the impedance 
(Z) is measured and discussed.  
 
3.1. Experimental setup and results 
 
 
A Pioneer TS-G1013R loudspeaker, a Tektronix AFG 3021B function generator and a 
Tektronix TDS 2024B oscilloscope are connected in four different configurations to measure 
the different loudspeaker parameters. Multi-meters are also used to measure RMS voltages.   
Prior to the measurements, the effective cone area (Aeff) was measured by measuring the 
diameter of the diaphragm and the DC-resistance (RDC) was measured using a multi-meter 
when the speaker was turned-off.  
 
The diameter of the speaker’s diaphragm was found to be 86 mm. Thus the area becomes: 
       
 
 
      
 
 
                   Eq. ‎3.1 
The DC resistance of the loudspeaker was found to be 3.8 Ohms. 
 
3.1.1. Setup configuration [A] 
 
The setup configuration shown in Figure ‎3.4 was used to measure the resonance frequency 
(fo) in the free-field, the lumped stiffness (k) and the lumped mass (mo).  
 
 
 
Figure ‎3.4 Setup configuration [A] to measure effective cone area (Aeff), the DC resistance (RDC), 
the resonance frequency (fo), the lumped stiffness (k) and the lumped mass (mo) of a 
loudspeaker.  
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In order to measure above mentioned parameters, it is necessary to load the speaker’s 
diaphragm with a set of small loads. The weight of several nuts was measured in an 
incremental method starting with one nut and adding one nut at a time while weighing the 
nuts at each time a new nut was added Table ‎3.2. A regression line was constructed Figure 
‎3.5 to determine the average nut mass. Fifteen nuts were weighed accordingly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the regression curve the average mass per nut is the slope of the regression line and is 
equal to 2.157 gm. Assuming the loudspeaker is a mass-spring system, the angular resonance 
frequency of the loudspeaker (  ) is defined as:  
Table ‎3.2 The masses corresponding to added nuts 
 No. of nuts Mass (gm) 
1 2.15 
2 4.34 
3 6.45 
4 8.64 
5 10.79 
10 21.49 
15 32.39 
Figure ‎3.5 Regression between the number of nuts and the corresponding total mass  
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  Eq. ‎3.2 
where (m) is the total system mass in [kg]. The above equation thus yields: 
       
 
 
                    Eq. ‎3.3 
yielding;      
  
 
 
       
   
   
   Eq. ‎3.4 
let    
 
 
                Eq. ‎3.5 
where (T) is the period of the acoustic wave produced in [sec]. 
 
thus; 
   
  
 
 
 
         
   
   
   Eq. ‎3.6 
 
  
   
 
 
 
         
   
   
   Eq. ‎3.7 
 
To obtain the values of the lumped stiffness and the lumped mass, the mass of the 
loudspeaker was changed by adding nuts to its diaphragm. The mass of the nuts was 
calculated as the product of the number of nuts multiplied by the mass of one nut (previously 
determined from Figure ‎3.5). The function generator was operated at a five Volts peak-to-
peak driving the loudspeaker. The change in the speaker mass causes a change in the 
resonance frequency. The new resonance frequency was looked for by sweeping through a 
range of frequencies and looking for the largest voltage. The current was assumed constant 
thanks to the current-limiting resistance attached in series to the speaker (100-Ohms 
resistance). Without using this resistance, it would have been necessary to measure both the 
voltage and the current and looking for the largest impedance. The total mass (m) in this case 
is the mass of the loudspeaker in addition to the added mass. Thus Eq. ‎3.7 yields: 
 
  
   
 
     
 
               
   
   
              Eq. ‎3.8 
where (  ) represents the added mass in [kg]. 
 
 Replicating Eq. ‎3.8 in a straight line form yields: 
 
  
   
 
  
 
    
 
 
             
   
   
   Eq. ‎3.9 
where   
 
 
   becomes the slope of the straight line. 
let 
  
   
                 Eq. ‎3.10 
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The values obtained from the experiment are shown below in Table ‎3.3. 
 
No. of nuts Mass (kg) 
Resonance 
Frequency (Hz) 
Period (T) 
(sec) 
         
0 0 99 0.010101 2.58446E-06 
1 0.002156 79 0.012658 4.05869E-06 
2 0.004312 68 0.014706 5.47801E-06 
3 0.006468 60 0.016667 7.03619E-06 
4 0.008624 55 0.018182 8.37365E-06 
5 0.01078 51 0.019608 9.73868E-06 
6 0.012936 48 0.020833 1.09941E-05 
 
The free resonance frequency of the loudspeaker (  ) is the frequency at zero added mass 
which was measured as 99 Hz. The regression line in Figure ‎3.6 describes the relation 
between the added mass of nuts (  ) and the term (U) in Eq. ‎3.10 which corresponds to the 
period of the produced wave, the value of the stiffness was calculated using the slope value 
as: 
   
 
          
             Eq. ‎3.11 
 
The value of the loudspeaker mass was calculated using the line intercept as: 
            
                        Eq. ‎3.12 
 
 
 
Table ‎3.3 Values of resonance frequency in (Hz), wave period in (sec) and [U] in (sec2)  
corresponding to changes in total mass of loudspeaker.  
Figure ‎3.6 Regression between the added mass (  ) in [gm] and (U) in [sec
2
]. 
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3.1.2. Setup configuration [B] 
 
The setup configuration shown in Figure ‎3.7 is used for measuring the time constant ( ) and 
the mechanical damping (  ). The Tektronix AFG 3021B function generator was connected 
in series directly to the Pioneer TS-G1013R loudspeaker and the Tektronix TDS 2024B 
oscilloscope was connected in parallel to the circuit.  
 
 
To measure the time constant and the mechanical damping the loudspeaker is to be operated 
at any amplitude and frequency and then shut down suddenly (by turning-off the function 
generator) while capturing the amplitude decay curve on the oscilloscope. Figure ‎3.8 shows 
the free decay curve of the loud speaker.  
 
The frequency of the free decay is also the resonance frequency in the free field. As shown in 
Figure ‎3.8 two successive peak values of voltage are captures during the free decay cycle. 
These values are 0.03176 s and 0.04276 s. Eq. ‎3.14 shows the calculation of the free field 
resonance frequency using the free decay curve.  
 
Figure ‎3.7 Setup configuration [B] to measure the time constant ( ) and the mechanical 
impedance (Rm) of a loudspeaker. 
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        Eq. ‎3.13 
 
The free decay resonance was found to be 96.2 Hz and is in good agreement with the value 
measured using the added mass technique (99 Hz). 
 
The values obtained from the decay plot are used to plot a straight line graph from which the 
values of the time constant and the mechanical damping are obtained. In this experiment, the 
function generator was used to produce a signal of frequency 99 Hz and amplitude of five 
Volts peak-to-peak value. There is no certain reference in selecting the values of both 
variables; both values could be selected differently as the results are independent of them. 
 
The voltage value is measured between consecutive peaks although these peaks are not of the 
same amplitude. The voltage measured for the first half cycle is the peak-to peak value 
between the first peak in the decay diagram and the following trough. The voltage 
representing the pressure amplitude can be written in equation form as follows: 
         
 
  
               Eq. ‎3.14 
yielding;             
 
 
                  Eq. ‎3.15 
 
where  
 
 
                          . 
Figure ‎3.8 Free decay output of loudspeaker occurring after the sudden stop of input signal 
from the function generator 
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The values obtained from the decay curve are as shown in Table ‎3.4. The values of voltage 
obtained from the free decay curve at each half cycle and the corresponding logarithmic 
values of voltage.  
 
No. of cycles 
Time (sec) 
[No. of cycles x period] 
Voltage (mV) ln (V) 
0.5 0.0050505 448 6.104793 
1 0.010101 228 5.429346 
1.5 0.0151515 148 4.997212 
2 0.020202 120 4.787492 
2.5 0.0252525 80 4.382027 
3 0.030303 60 4.094345 
 
From the graph Figure ‎3.9 the value of the time constant was determined as the inverse of the 
slope of the line where; 
   
 
     
            Eq. ‎3.16 
 
 
 
To determine the value of the mechanical impedance (Rm), the definitions of the quality 
factor is used: 
         
    
 
              Eq. ‎3.17 
Table ‎3.4 Values from the free decay curve. 
Figure ‎3.9 Regression between time in (sec) and the logarithmic value of voltage obtained from 
the free decay measurement of the loudspeaker. 
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The other definition of the quality factor is: 
         
    
 
              Eq. ‎3.18 
equating Eq. ‎3.17 and Eq. ‎3.18; 
 
 
  
 
  
   
       
 
 
  Eq. ‎3.19 
thus the value of the mechanical impedance (  ) becomes: 
    
    
 
  
          
      
               Eq. ‎3.20 
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3.1.3. Setup configuration [C] 
 
The setup configuration shown in Figure ‎3.10 is used to calculate the electric impedance at 
resonance (Ze), the coupling coefficient (Bl) and the voice coil inductance (L). As shown the 
Tektronix AFG 3021B function generator, the Pioneer TS-G1013R loudspeaker and the 
current-limiting resistance (100-Ohms resistance) were connected in series. Two multi-meters 
were connected to the circuit, one of which is connected in parallel to the 100 Ohms 
resistance and the other is connected in parallel to the loudspeaker’s voice coil. The function 
generator was operated at a five Volts peak-to-peak value and at the free resonance frequency 
which was previously found to be 99 Hz. The voltages across the voice coil and the resistance 
and the exact value of the 100 Ohms resistance were first measured followed by the 
calculation of the other acoustic parameters. 
 
 
 
 
The voltage across the loudspeaker coil (Vc) was found to be 0.696 V, while the voltage 
across the resistance (VΩ) was found to be 4.23 V. Both were measured using multi-meters. 
The exact value of the resistance was found to be 100.1 ohms. Calculation procedures were 
as follows: 
For the current (I) passing through the loudspeaker voice coil: 
   
  
     
  
    
     
          Eq. ‎3.21 
 
where (     ) is the high value resistance. 
 
Figure ‎3.10 Setup configuration [C] to measure the coil voltage (Vc) and the voltage across the 
resistance (VΩ) to calculate electric impedance at resonance (Ze), the coupling coefficient (Bl) 
and the voice coil inductance (L) of a loudspeaker.  
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For the electric impedance at resonance (  ): 
    
  
 
 
     
      
        Eq. ‎3.22 
 
For the coupling coefficient (Bl): 
                                                    Eq. ‎3.23 
 
For the voice coil inductance (L): 
    
  
     
 
   
  
  
     
 
         
  
        
         
         Eq. ‎3.24 
 
Other methods [41] and [42] indicate that the value of the voice coil inductance should be 
calculated at a high frequency value (1000 Hz or more) where the loudspeaker’s electrical 
impedance (  ) becomes nearly completely reactive and inductance is dominant. However it 
will be shown later in chapter ‎Chapter 5 that analytical models done using DeltaEC where the 
inductance was measured at the free resonance frequency were highly compatible to 
experimental results. Models done using other methods were unable to match the 
experimentally-measured pressures. 
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3.1.4. Setup configuration [D]: 
 
The setup configuration shown in Figure ‎3.11 was used to plot the impedance versus the 
frequency. The setup is used to measure the acoustic impedance versus the frequency given 
that the acoustic impedance of a loudspeaker is a complex value where the resistance 
represents the real part and the reactance is the imaginary part [43]. A 385 Ohms resistance is 
connected in series to the Tektronix AFG 3021B function generator and the Pioneer TS-
G1013R loudspeaker. The Tektronix TDS 2024B oscilloscope was connected in parallel to 
both the resistance and the loudspeaker voice coil to measure voltage for both components at 
the same time. The 385 Ohms the resistance added in this configuration was used as a 
current-measuring resistance. The work uses the fact that in pure resistances, voltage and 
current are in phase and dividing the voltage drop across the resistance yields the current. The 
used resistance had a power rating of five Watts to withstand the power flow through it.  
 
 
 
The oscilloscope was used to measure simultaneously the voltage signals across the speaker 
and across the resistance across a range of frequencies. This way the phase information of the 
voltage and current (and therefore the impedance) is captured.  
The phase shift is calculated by manually detecting the time difference in [sec] between the 
voltage peaks of both the resistance and the loudspeaker that are appearing on the 
oscilloscope’s screen. The time difference is then converted to an angular difference using 
simple cross multiplication. Knowing that 360
o
 of angle rotation are equivalent to one 
acoustic cycle whose time is the inverse of the frequency and knowing the actual time 
difference the phase is calculated as shown in Eq. ‎3.25: 
 
Figure ‎3.11 Setup configuration [D] to measure the voltage across a large power rating 
resistance and the loudspeaker and calculate the acoustic parameters necessary to plot the 
frequency versus the complex impedance of the loudspeaker (Z).  
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                Eq. ‎3.25 
where (f) is the frequency in [Hz]. A sample of the results obtained from the measurements is 
shown in Table ‎3.5. The full results are shown in Appendix (A). 
 
Frequency 
Loudspeaker 
peak 
-to- 
peak 
voltage 
Resistance 
Peak 
-to- 
peak 
voltage 
Loud 
-speaker 
Current 
Loud 
-speaker 
Impedance 
 
Phase  
shift  
 Re (Z) Im(Z) 
f [Hz] Vspeaker [V] Vresistance [V] 
I 
[Ampere] 
Z [Ohms] 
  
[Degree] 
10 0.134 7.6 0.0197 6.7917 8.64 6.715 1.020 
20 0.142 8.4 0.0218 6.5117 2.88 6.503 0.327 
30 0.160 8.8 0.0228 7.0036 14.40 6.784 1.742 
90 0.340 8.8 0.0228 14.8827 40.32 11.347 9.630 
91 0.356 8.8 0.0228 15.5831 29.66 13.541 7.712 
92 0.384 8.8 0.0228 16.8087 18.72 15.920 5.395 
93 0.384 8.8 0.0228 16.8087 20.88 15.705 5.991 
94 0.400 8.8 0.0228 17.5091 23.04 16.112 6.853 
95 0.416 8.8 0.0228 18.2095 25.20 16.476 7.753 
250 0.168 8.8 0.0228 7.3538 0.00 7.354 0.000 
300 0.160 9 0.0234 6.8480 5.76 6.813 0.687 
350 0.156 9 0.0234 6.6768 6.48 6.634 0.754 
400 0.156 9 0.0234 6.6768 4.32 6.658 0.503 
450 0.160 9 0.0234 6.8480 14.40 6.633 1.703 
500 0.162 9 0.0234 6.9336 14.40 6.716 1.724 
600 0.164 9 0.0234 7.0192 10.08 6.911 1.229 
700 0.166 9 0.0234 7.1048 26.64 6.351 3.186 
800 0.174 9 0.0234 7.4472 33.12 6.237 4.069 
900 0.176 9 0.0234 7.5328 33.84 6.257 4.195 
1000 0.182 8.8 0.0228 7.9666 28.80 6.981 3.838 
1500 0.204 9 0.0234 8.7312 46.80 5.977 6.365 
2000 0.232 8.8 0.0228 10.1553 57.60 5.441 8.574 
 
Table ‎3.5 Values of different parameters used in setup configuration [D] to plot the complex 
impedance vs. frequency  
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The resultant plots in Figure ‎3.12, Figure ‎3.13 and Figure ‎3.14 show how the complex 
impedance behaves versus the frequency. It is observed how the real amplitude shows a peak 
at a frequency of 99 Hz and the imaginary part is zero at the same frequency. The amplitude 
is maximum at this resonance frequency. The results show excellent agreement with the 
literature [39]. 
 
 
 
 
 
 
 
Figure ‎3.12 Frequency in [Hz] vs. the complex impedance (Z) amplitude of a loudspeaker in 
[Ohms].  
Figure ‎3.13 Frequency in [Hz] vs. the real part of the impedance (Z) of a loudspeaker in 
[Ohms]. 
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3.2. Results summary 
 
The main parameters that characterize a loudspeaker for the sake of modeling it in DeltaEC 
for the Pioneer TS-G1013R loudspeaker were found to be: 
 
  Effective cone area  (Aeff)  = 0.0058 m
2  
  DC resistance (RDC)  = 3.8 Ohms  
  Resonance frequency in the free field [Moving mass method] (fo) = 99 Hz  
  Resonance frequency in the free field [Free decay method] (            ) = 96.2 Hz  
  Lumped stiffness (k) = 1528.818 N/m  
  Lumped mass (mo) = 0.004073  
  Time constant  (τ) = 0.0132 sec  
  Mechanical impedance (Rm) = 0.6172 kg/sec  
  Electric impedance at resonance  (Ze) =16 Ohms  
  Coupling coefficient (Bl) = 2.744 Tesla.  
  Voice coil inductance (L) = 0.0249 H  
 
 
Figure ‎3.14 Frequency in [Hz] vs. the imaginary part of the impedance (Z) of a loudspeaker in 
[Ohms]. 
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Chapter 4. Experimental setup 
 
4.1. PIV and dynamic pressure measurement setup 
 
One setup was used for all types of measurements; these are velocity, dynamic end pressure 
and spatial dynamic pressure distribution with only minor modifications at the hard end of the 
quartz resonator where microphones replaced the seeder to change from measuring velocity 
using seeding particles to measuring spatial and dynamic end pressure using condensate 
electret and piezo-resistive microphones. The hard end was constructed to be simply attached 
and removed from the resonator without causing leakage. All experiments were conducted 
with air at a mean pressure equal to the atmospheric pressure. 
 
4.1.1. Laser system and CCD camera 
 
As shown in Figure ‎4.1 which illustrates the main PIV setup components used to measure 
velocity with the seeder and air step at the hard end connected using a hose. As the main key 
to using PIV in measurements is to have the laser sheet perpendicular to the camera field of 
view, the laser sheet was directed in horizontal plane to light a horizontal cross section of the 
quartz resonator and the camera was placed in a vertical position pointing downwards. The 
laser used is a Litron Class 4 - Nd:YLF laser (Neodymium-doped yttrium lithium fluoride), 
of 527 nm wavelength, 150ns/CW pulse duration and a maximum output of 100W. The 
maximum triggering rate the laser can achieve is 10000 Hz.  
 
The camera used was a Photron SA1.1 CCD camera with a maximum frame rate of 5400 
frames/sec, a resolution of 1024x1024 Pixles
2
 and a pixel depth value of 12 used along with a 
60 mm Nikon AF macro prime lens with a maximum aperture diameter of 32. A prime lens 
does not support zooming. Zooming is attained by moving the whole camera body towards 
the subject (in this case the laser light sheet). Aperture diameter was adjusted to a value of 8 
or 11 depending on the amount of light needed in the experiments. The camera zoom, the 
focus plane and the field of view and were adjusted differently as per experiment according 
to the targeted outcome of each experiment.  
 
A National Instruments timer box of model number 80N77 was used for synchronization of 
laser light pulses and the CCD camera. The software used for control of equipment, 
measurements and analysis is Dantec Dynamics’ Dynamic Studio and the whole assembled 
PIV system was also supplied by Dantec Dynamics. A traverse mechanism was used to 
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control the vertical motion of the camera as it provides high resolution of linear motion. All 
velocity measurements experiments were performed at a 2700 Hz laser triggering rate of and 
a 185 s duration between pulses and analyzed using the adaptive correlation technique at 
different interrogation area sizes according to the experiment conducted. All experiments 
were operated at an acoustic frequency that ranged from 100 Hz to 130 Hz, thus providing a 
range of 27 to 20 imaging captures per cycle. The 185 s value was determined 
experimentally as the most convenient value to accommodate for a wide range of velocity 
measured using interrogation areas of 32 X 32 pixels
2 
and 16 X 16 pixels
2
 such that the seed 
particles move a reasonable distance within the interrogation area.  
 
 The laser was operated at 85% intensity with the two energy buttons describing the energy of 
each laser head set to the value of nine. Figure ‎4.2 shows a real time picture of the PIV setup. 
 
 
 
Figure ‎4.1 Schematic for the main PIV setup used to measure velocity with the seeder engaged 
at the hard end of the resonator to induce seeding tracer particles into the resonator tube. The 
seeder is replaced by a differential microphone and a condensate electret microphone fixtures to 
measure dynamic pressure.  
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Calibration was done using a transparent plastic ruler with a white paper taped at its back and 
a simple aluminum bracket Figure ‎4.3 that was built to facilitate the process of calibration by 
directly clamping the device and the ruler on the quartz resonator. The ruler was placed just 
under the camera and an example of pixel to millimeter calibration was calculated as shown 
in Figure ‎4.4.  
 
 
 
Figure ‎4.2 A real time picture of the PIV setup with the laser sheet directed towards the quartz 
resonator. 
Figure ‎4.3 (Left) A simple aluminum bracket used to carry the ruler with white background for 
PIV calibration. (Right) the bracket carrying the ruler clamped on the quartz resonator with 
the CCD camera appearing in the top. 
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4.1.2. The glass-quartz resonator 
 
The thermoacoustic refrigerator was made of a quartz resonator tube glued to a glass 
pyramid-shaped cone connected at its end to a glass box that acts as a back volume for the 
Pioneer TS-G1013R loudspeaker. The back volume glass box has one of its faces made to 
slide through guides to allow for placing the speaker inside the box. The full dimensions of 
the glass-quartz resonator are shown in Figure ‎4.5 where the functional resonator length was 
720 mm as it starts directly after the speaker’s surface and along to the hard end of the 
resonator. The inner cross section of the quartz tube was 48x48 mm
2
.  
Figure ‎4.4 Calibration of the PIV measurements for the thermoacoustic refrigerator with no 
stack. 
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4.1.3. The acoustic setup 
 
The loudspeaker has a maximum power rating of 110 Watts and a nominal power rating of 20 
Watts.  The needed loudspeaker characteristics were defined in chapter ‎Chapter 3. The 
Pioneer TS-G1013R loudspeaker was driven by a Tektronix AFG 3021B function generator 
through a B&K Amplifier Type 2743. The values of amplitude and frequency of the sound 
wave controlled by the function generator are changed according to each experiment’s needs. 
The values of the amplifier were set to -20 dB as primary amplification and -9 dB as 
secondary. These values are not used to directly measure the output dynamic pressure but 
only as set values. A multi-meter was used to monitor the voltage at the output terminals of 
the amplifier to have a reference of the amplitude of acoustic signal flowing to the speaker 
and thus to the resonator. While placing a permanent microphone at the hard end of the 
resonator is the common method to monitor the dynamic pressure at the end of the resonator, 
the experimental setup couldn’t accommodate for such placement thus replaced by measuring 
the RMS voltage input to speaker. 
 
 
 
 
Figure ‎4.5 Detailed dimensions of the glass-quartz resonator showing the quartz resonator  
tube and the glass cone and back volume box.  
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4.1.4. Seeding particles 
 
The type of tracer particles used for velocity measurement experiments was DuPont’s Ti-Pure 
R900 Titanium dioxide (TiO2) seeding particles with a specific gravity value of four and a 
median particle size of 0.41 m. It is shown that the R900 is convenient for measuring 
velocity in air medium as the ratio of tracer particles speed to flow speed is extremely high 
[25] [26]. According to Eq. ‎2.5 the ratio of tracer particles speed to flow speed was calculated 
to be 3708 which was extremely convenient to conduct measurements. Appendix (B) shows a 
short MATLAB code used for calculating the ratio of tracer particles speed to flow speed. 
Figure ‎4.6 shows a schematic of the seeder used to generate homogenous particles into the 
flow. The device is a cylinder made into two halves and connected together by a threaded 
connection. The two halves were machined from inside to form a diverging opening towards 
the threaded connection. Seeding particles were dropped in the two halves before closing 
them together. As shown in Figure ‎4.1 the seeder was connected from one side to an air 
source which was an air step and a small tube is used to insert the seeding particles into the 
resonator. The key concept of the diverging-converging seeder is to distribute the input air 
homogenously over all seeding particles dropped in the seeder openings by diverging the 
input air flow and then produce a convenient amount of homogenously distributed seeding 
particles into the resonator by converging the flow again. The convenient amount is decided 
by the diameter of the output tube connected to the resonator and was determined by 
experiment. Figure ‎4.7 shows a picture of the seeder used showing the air hose at the right 
side of the picture and a small rubber tube on the left side to insert seeding particles into the 
resonator [25]. 
 
 
 
 
 
Figure ‎4.6 A cross-section of the seeder used to induce seeding tracer particles in the  
resonator tube.   
41 
 
 
 
 
4.1.5. Insertion of stacks 
 
An L-shaped aluminum sheet with a thickness of 2 mm covered with black tape on its inner 
sides Figure ‎4.8 was used to act as a black background to the imaging plane which is a 
necessity in PIV measurements so that only white reflections from the seeding particles are 
imaged and nothing else. One of the coated-in-black sides faces the camera for this purpose 
and the other side was coated to absorb the light from the laser and prevent its reflection 
inside the resonator or refraction outwards.   
 
 
 
Figure ‎4.7 A picture of the seeder used to generate titanium dioxide particles into the quartz  
resonator to measure velocity using PIV.  
Figure ‎4.8 A schematic showing the insertion of the L-shaped aluminum sheet covered in black 
tape into the quartz resonator to act as a light absorption background for imaging.   
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4.1.6. Dynamic pressure measurement setups and sealing 
 
The hard end of the resonator was designed for changing the measurement tools to measure 
velocity and dynamic pressure alternatively, to allow for cleaning the resonator after seeding 
particles’ accumulation and to allow for insertion of different stacks to study the 
thermoacoustic phenomenon. A small plastic box of matching dimensions to the quartz 
resonator tube was fit to the hard end using plasticine (commercial clay) to be easily removed 
and placed again Figure ‎4.9. A hole was drilled at the backside of the plastic box to allow for 
inserting the different measuring equipment. For measuring velocity the fixture was the 
seeder output tube. For measuring spatial dynamic pressure distribution along the resonator’s 
length the measurement fixture used was the electret microphone fixture Figure ‎4.10 where a 
condensate electret microphone was wired into a long copper tube and inserted through the 
hole in the plastic box to reach different locations along the resonator’s length. For measuring 
the dynamic end pressure the measurement fixture used was the differential microphone 
fixture Figure ‎4.11 where an MEGGIT – 8510B-2 differential microphone with the range of 2 
PSI and a sensitivity of 19.315 mV/kPa. A MEGGIT signal conditioner Model 136 was used 
to amplify the microphone’s signal. A Tektronix TDS 2024B oscilloscope was used to 
measure the output signal of both spatial and dynamic end pressures. The differential 
microphone was fixed at the boundary between the inside of the resonator and the outside 
ambient to measure the dynamic pressure value at the hard end since the differential 
microphone’s back vent requires to be in connection with the ambient pressure. As if it is 
placed inside the resonator, pressure oscillations occurring at the back vent will interfere with 
the measured oscillations. Unlike the condensate-electret microphone where such oscillations 
would have a minor effect. 
 
 
 
Figure ‎4.9 The hard end of the quartz resonator showing the plastic box covering the tube end, 
the seeder output copper tube used to induce seeding particles into the resonator and plasticine 
(commercial clay) in pink covering the two interfaces of the resonator tube with the plastic box 
and the seeder tube with the plastic box. 
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Commercial clay has proven experimentally to be a very good leak prevention component 
with extremely high forming capabilities and also low cost. The plastic box was removed 
manually with the least effort and replaced again manually after changing the measurement 
fixture, cleaning or inserting/removing a stack. Clay was also used to leak proof different 
parts of the thermoacoustic refrigerator as shown in Figure ‎4.12. 
 
Figure ‎4.10 The spatial dynamic pressure measurement setup where the electret microphone is 
wired into a copper tube and placed at different locations inside the quartz resonator to 
measure spatial dynamic pressure. 
  
  
Figure ‎4.11 The dynamic end pressure measurement setup where the differential microphone is 
connected to its power supply and inserted into the quartz resonator at the interface between 
the inside of the resonator and the outside ambient. 
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For PIV experiments in general, conducting a successful measurement run requires the 
observance of a large number of measurement parameters in addition to the correct building 
of the experimental prototype. Table ‎4.1 lists a summary of measurement variables that were 
observed in velocity measurement experiments using PIV. 
 
Variable name and unit Controlling device 
Acoustics controlled variables 
Amplitude [V] Function generator 
Frequency [Hz] Function generator 
Amplification Amplifier 
Camera controlled variables 
Field of view Lens 
Zoom and focus Lens 
Shutter speed Lens 
PIV Hardware controlled variables 
Laser intensity Laser power supply 
The two laser heads’ energy Laser power supply 
Synchronization Timer box 
PIV software controlled variables 
Laser trigger rate PIV software 
Time between pulses PIV software 
Analysis technique PIV software 
Size of interrogation area PIV software 
Figure ‎4.12 Plasticine (commercial clay) covering several leakage point the quartz-glass 
thermoacoustic refrigerator.  
Table ‎4.1 A list of measurement variables to be observed 
within an acoustic-PIV measurement experiment. 
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4.2. Pitfalls in “Thermoacoustics – PIV” experimental setups 
 
The use of PIV to measure velocity in thermoacoustic is rather a complex operation involving 
several parameters that need to be adjusted all together. In addition to the standard 
measurement variables mentioned in Table ‎4.1 other issues have to be carefully observed: 
 
1 – The oscillating nature of the flow means that a wide range of positive and negative 
velocities have to be dealt with, including instances of near-zero velocity and instances of 
high acceleration or deceleration rates. This issue comes down to the proper selection of the 
time between pulses and the area of each interrogation window. For example, if the 
interrogation area is too large with respect to the motion of the seed particles, the PIV system 
cannot identify the motion accurately. On the other hand, if the interrogation area is too small 
with respect to the motion of the seed particles, the seed particles move from one area to 
another and the motion may not be traced. In this work, and with a calibration of 1 mm = 33 
pixels, a seed particle moving at 10 m/s and analyzed using an interrogation area of 32 X 32 
pixels
2
 actually moved 20.6% of the interrogation area, allowing accurate measurement of the 
particle displacement without many seed particles moving from one area to another. At a 5 
m/s, and using an interrogation area of 16 X 16 pixels
2
, the seed particle would still move 
20.6% of the interrogation area. 
 
2 – The settling velocity Eq. ‎4.1 has to be negligible with respect to the actual flow velocities 
measured.  
 
    
      
 
        
     
        Eq. ‎4.1 
where; (g) is the gravitational constant in [m/s
2
], (dp) is the particle diameter in [m], (  ) is the 
particle density in [kg/m
3
], (  ) is the fluid (gas) density and (  ) is the fluid’s (gas) viscosity.  
 
Using seed particles of a mean diameter of 0.41 m and density of 4000 kg/m3 the settling 
velocity became 1.8 m/s and the ratio of the measured velocity (10 m/s) to the settling 
velocity was around 5.5E5 times.  
 
3 – Operation in a confined space causes several technical problems. First, the seed particles 
deposit on the resonator upper and bottom surfaces and create a layer between the flow and 
the CCD camera. This layer has to be removed regularly – without causing leaks during 
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operation - to obtain clear PIV images. Second, the seed particles hit the walls of the 
resonator causing flow structures unrelated to the oscillating flow pattern of thermoacoustics. 
One part of the solution to this issue was to introduce the seed parallel to the resonator axis 
(and not normal to it) such as to reduce the interaction between the resonator walls and the 
seed particles; and the other part was to operate the loud speaker for a convenient amount of 
time that is to be determined experimentally by observation according to the case under study 
before taking PIV images so that the oscillating flow dominates over any unrelated flow 
structures.   
 
4 – Acoustic agglomeration [44] occurs because high amplitude oscillations cause the seed 
particles to collide with each other and agglomerate, causing the diameter to increase and 
forcing the seed particles to slip and eventually settle down. This issue practically placed a 
maximum on the power input to the speaker. 
 
5 – Amplitude leakage occurs if the laser system misses the cycle peak point. This effect was 
reduced significantly by capturing more than 15 measurement points per cycle.  
 
Recommendations for proper setup: 
 
Certain recommendations should be taken into consideration when preparing a 
thermoacoustics-PIV measurement setup.  Seeding selection is the most critical step in the 
whole measurement process. Literature provides tables that state different convenient seeding 
types for different flow mediums. Correct seeding selection allows for good flow following 
and large particle residing time. Selecting a seeder (seed generator) is the second step, for 
solid seeding particles the seeder provided in Figure ‎4.7.b. As for liquid seeding particles 
aerosol seed generators are a good choice. Some fog generators are used but these tend to 
produce a huge amount of non-homogenous seeding clouds which are by no means feasible 
for thermoacoustics. Liquid particles tend to precipitate on all inner sides of the resonator 
including the upper side, the seed generation process requires heating and a startup time and 
they require cleaning more frequently then solid particles, thus solid particles tend to be more 
convenient from the points of view of seeding sophistication and cleaning. The position of 
seeding particles entry is also important, when the tube transporting the particles into the 
resonator in placed perpendicular to the direction of the flow of the acoustic wave, more entry 
disturbances and vortex structures occur that take more time to settle down. It is better to 
place the inlet tube in a direction parallel to the acoustic wave flow to reduce entry 
disturbances. It is good practice to allow some time for seed residing and then induce a low 
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amplitude acoustic wave for a small period of time followed by a small time before starting 
measurements. The low amplitude of the acoustic wave distributes the seeding particles 
homogenously throughout the resonator and helps in damping the seed entry disturbances. 
Some other practices imply the use of a high amplitude acoustic wave instead of a low 
amplitude one, but for the experiments mentioned in this document the low amplitude wave 
has shown much better results. 
 
Finally it is very important to determine the outcomes of a PIV measurement before 
specifying all PIV components and initiating the measurement process. The PIV setup 
capabilities (laser trigger rate, camera trigger rate, focal length of the lens, seeding type) must 
be suitable to capture and analyze the targeted phenomenon.  
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Chapter 5. Study of the acoustic behavior of the thermoacoustic 
refrigerator (Experimental measurements versus 
numerical modeling) 
 
The acoustic behavior of the thermoacoustic refrigerator was studied in two phases. The first 
was to validate the behavior of particle velocity and particle dynamic pressure which are the 
principal variables in any acoustic system. The validation process was done by comparing 
experimental and numerical values measured and computed on the thermoacoustic 
refrigerator with no stack or heat exchangers, thus not being a thermoacoustic device 
anymore but only an acoustic tube. No stack was placed in the resonator so as to remove any 
effect the stacks may have on the acoustic behavior. The validation process included 
comparing measured and numerical values for acoustic resonance frequency, spatial dynamic 
pressure distribution, spatial velocity distribution and dynamic end pressure values. The 
second phase was similar to the first phase except for adding meshed ceramic stacks of 
different porosities and lengths. DeltaEC software was used to compute all numerical values 
using the dimensions of the prototype and the speaker characteristics illustrated in Chapter 
‎Chapter 3, the PIV setup was used to measure the spatial velocity distribution, the electret 
microphone setup was used to measure the spatial dynamic pressure distribution and the 
differential microphone setup was used to measure the dynamic end pressure value. The 
numerical values were also obtained using DeltaEC. 
 
Prior to acoustic measurements the maximum operating power capacity of the Pioneer TS-
G1013R loudspeaker was calculated to avoid damage of the loudspeaker. As shown before in 
Figure ‎4.1 a multi-meter was used to measure the RMS voltage to the loudspeaker. Eq. ‎5.1 
shows that acoustic power is the resultant of the product of voltage, electric current and the 
power factor (     ). The power factor (     ) is assumed to be unity: 
                                 Eq. ‎5.1 
 
yielding;                
    
   
                 Eq. ‎5.2 
 
and           
      
 
   
                 Eq. ‎5.3 
 
thus;                                                      Eq. ‎5.4 
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As shown in Eq. ‎5.4 the maximum voltage to speaker was found to be approximately 8.7 V. 
The acoustic system is composed of a function generator driving the loudspeaker through a 
power amplifier that only shows set values not direct gain values as illustrated in Chapter 
‎Chapter 4. Thus there was a need to determine the value of the driving voltage of the function 
generator that satisfies the maximum voltage to loudspeaker value. Through trial and error 
this value was determined to be 2.2 Vp-p (peak-to-peak) which corresponds to a value of about 
8 V delivered to the speaker thus attaining a value lower than that calculated in Eq. ‎5.4. All 
measurement runs were performed below the 2.2 Vp-p value boundary.   
 
The consistency of the loudspeaker’s performance over time was tested by operating the 
loudspeaker for a continuous period of 30 minutes while measuring the voltage to the 
loudspeaker and the dynamic end pressure at the hard end of the resonator using the 
differential microphone setup. Additionally the speaker was turned off and on several times 
afterwards and left to operate for shorter periods of time to investigate the steadiness of the 
speaker’s performance throughout different measurements. The function generator was 
operated at 0.7 Vp-p which corresponded to 2.5 Vrms (root mean square) of voltage to 
loudspeaker. The dynamic end pressure value was measured around 600 Pa. The results of 
these tests showed constant values of voltage to speaker and dynamic end pressure with 1% 
deviation throughout the 30 minutes time period and the on and off short time periods. 
 
For dynamic end pressure measurements the differential microphone output is measured as a 
peak-to-peak voltage on the Tektronix TDS 2024B oscilloscope. The corresponding values of 
dynamic pressure were computed by dividing over the microphone’s sensitivity. The 
microphone’s sensitivity is 19.315 mV/kPa, the gain used in the microphone signal 
conditioner was 100 and the value of dynamic end pressure obtained in DeltaEC is an 
amplitude value not a peak-to-peak value. Eq. ‎5.5 shows the conversion equation for the 
MEGGIT – 8510B-2 differential microphone used in dynamic end pressure measurements: 
                                 
                                              
                  
 
 
                        
Eq. ‎5.5 
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5.1. Validation of the acoustic behavior of a quartz resonator without a stack  
 
5.1.1. Experimental results 
 
5.1.1.1. Resonance frequency  
 
Resonance frequency was measured using the differential microphone setup where the 
microphone was fixed at the hard end of the resonator and by sweeping through a range from 
frequencies starting near 50 Hz and up to 500 Hz, the frequency response function of the 
resonator system was obtained. The resonance frequency values are identified as frequency 
values corresponding to relative peak dynamic pressure amplitudes and are independent of 
the input dynamic pressure. The function generator was set to a value of one Vp-p 
corresponding to 5 Vrms as voltage to loudspeaker value. The amplifier values were set to -
20db and -9 dB. Table ‎5.1 shows the values of voltage measured using the oscilloscope 
where the peak values are shaded.  
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Frequency 
[Hz] 
Vp-p 
 [V] 
Frequency 
[Hz] 
Vp-p 
 [V] 
Frequency 
[Hz] 
Vp-p 
 [V] 
30 0.24 179 3.76 230 1.96 
40 0.4 180 3.78 240 1.54 
50 0.52 181 3.82 250 1.3 
60 0.76 182 3.86 260 1.12 
70 0.9 183 3.9 270 1 
80 1.12 184 3.94 280 0.88 
90 1.44 185 3.94 290 0.8 
100 1.88 186 3.96 300 0.76 
110 2.52 187 3.96 310 0.76 
120 3.32 188 3.96 320 0.74 
125 3.84 189 3.96 330 0.72 
126 3.92 190 3.98 340 0.72 
127 4 191 4.02 350 0.76 
128 4.08 192 4.02 360 0.8 
129 4.1 193 4 370 0.88 
130 4.08 194 4 380 1.04 
131 4.08 195 4 390 1.32 
132 4.04 196 3.96 400 2.08 
133 3.9 197 3.96 405 2.7 
134 3.8 198 3.9 406 2.76 
135 3.74 199 3.9 407 2.84 
140 3.52 200 3.84 408 2.9 
145 3.36 201 3.84 409 2.9 
150 3.28 202 3.78 410 2.9 
160 3.32 203 3.7 411 2.8 
170 3.46 204 3.68 412 2.72 
175 3.64 205 3.64 413 2.64 
176 3.66 210 3.32 414 2.5 
177 3.68 215 3 
178 3.7 220 2.68 
 
 
Table ‎5.1 Peak-to-peak pressure values in [V] obtained for frequency sweeping of the resonator. 
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Figure ‎5.1 shows the frequency response function of the system where the values of peak 
amplitudes observed were 129 Hz, 191 Hz and 409 Hz. At a frequency of 129 Hz and a speed 
of sound of 343 m/s, the following calculations were performed: 
                Eq. ‎5.6 
where (c) is the speed of sound in [m/s], ( ) is the wave length in [m] and (f) is the frequency 
in [Hz]. 
 
yielding;                         Eq. ‎5.7 
 
thus;                           Eq. ‎5.8 
where (  ) is the length of the resonator from the loudspeaker’s surface to the hard end. 
 
 
 
The result of the above calculations Eq. ‎5.8 states that the resonator operates at a quarter 
wave length mode at a frequency of 129 Hz. This argument is confirmed by the presence of a 
second peak at almost three times the value of the first frequency 409 Hz where the value of 
(    ) is calculated as follows: 
                          Eq. ‎5.9 
 
yielding;                            Eq. ‎5.10 
 
Figure ‎5.1 The frequency response of the Pioneer TS-G1013R loudspeaker measured using the 
dynamic end pressure measurement setup.  
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This was explained as a result of the large back volume at the loudspeaker’s back side that 
doesn’t act as a pure hard but as a soft end. The middle peak occurring at 191 Hz is the 
mechanical resonance of the speaker as affected by the acoustic impedance upstream and 
downstream of the speaker as stated by the frequency response chart supplied by the speaker 
manufacturer shown in Figure ‎5.2.  
 
 
 
5.1.1.2. Dynamic end pressure  
 
The function generator value was adjusted to 0.7 Vp-p that corresponded to a 2.5 Vrms as 
voltage to speaker to generate the dynamic pressure. The function generator frequency was 
set to 129 Hz. The amplifier values were set to -20db and -9 dB. The dynamic end pressure 
value as measured through the oscilloscope was 2.24 Vp-p. Applying Eq. ‎5.5 to find the value 
of dynamic pressure in Pascal: 
                                                                      Eq. ‎5.11 
 
5.1.1.3. Spatial dynamic pressure  
 
Spatial dynamic pressure measurements were performed at a lower function generator 
voltage value than that used for dynamic end pressure and velocity measurements due to the 
limited capabilities of the electret microphone. The function generator value was adjusted to 
0.08 Vp-p, that value was selected by trial and error until the electret microphone showed a 
full sinusoidal wave, the corresponding voltage to speaker was 0.5 Vrms. Figure ‎5.3 shows a 
calibration chart for the electret microphone that was developed by inserting both electret and 
differential microphones together from the hard end.  
Figure ‎5.2 The frequency response chart provided by the Pioneer TS-G1013R loudspeaker 
manufacturer showing the end point of a slope where the speaker’s response becomes nearly 
constant. This point indicates the resonance frequency of the loudspeaker when placed in a 
system with a back volume. 
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The use of the calibration chart is to express the electret microphone measurement results in 
[Pa]. Eq. ‎5.12 shows the calibration equation of the electret microphone. 
 
                                                  Eq. ‎5.12 
 
The function generator frequency was set to 129 Hz. The amplifier values were set to -20 dB 
and -9 dB. Table ‎5.2 shows the values obtained for spatial dynamic pressure measurements 
and Figure ‎5.4 shows the spatial plot. 
 
Distance from  
outer edge of the back volume [m] 
Dynamic pressure 
 amplitude [V] 
0.495 0.644  ± 0.1 
0.545 0.752 ± 0.1 
0.615 1.01 ± 0.1 
0.66 1.12  ± 0.1 
0.705 1.21 ± 0.1  
0.76 1.28  ± 0.1 
0.795 1.32  ± 0.1 
0.83 1.36  ± 0.1 
0.875 1.43  ± 0.1 
Figure ‎5.3 Calibration chart for electret microphone 
Table ‎5.2 Values of dynamic pressure in [V] at different 
 locations along the length of the resonator with no-stack. 
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Figure ‎5.4 Spatial dynamic pressure distribution of the thermoacoustic refrigerator with no stack at 0.5 Vrms to speaker and 129 Hz frequency. 
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The spatial dynamic pressure measurements comply with the argument that the system runs 
in a quarter wave mode as a high dynamic pressure value is attained at the hard end and the 
amplitude tends to fade at the loudspeaker’s end. 
 
5.1.1.4. Spatial velocity  
 
Spatial velocity was measured using the PIV measurement setup. The acoustic setup is the 
same as the dynamic end pressure and spatial dynamic pressure measurements. The PIV 
system was used to measure temporal velocity at several locations along the length of the 
resonator. At each measurement location 2728 images are taken at a rate of 2700 Hz giving a 
period of measurement of about one second. These images are double pulses and are 
produced as vector maps after adaptive correlation analysis is performed. Each vector map 
represents a point in time in the sinusoidal acoustic cycle. All the vectors in each map are 
then averaged to give one value of velocity per each point in time and plot the temporal 
behavior for each measurement location alone. Afterwards the full temporal cycle at each 
measurement point is plotted using the average values and the maximum amplitudes are 
extracted from the plots representing the dynamic pressure of each location. Finally the 
spatial distribution is plotted showing the maximum dynamic pressures along the axis of the 
resonator. In addition to the 2700 Hz trigger rate, the time between pulses was set to 185 s. 
The field of view was 31 X 31 mm
2
. A sample of the raw images acquired is shown in Figure 
‎5.5 indicating reasonable distribution of seed density per image. Adaptive correlation 
technique was used to analyze the raw images and produce vector maps using a 128x128 
Pixels
2
 interrogation area and a moving average filter.  A sample series of vector maps 
representing the motion of air particles at a single location along the resonator throughout a 
complete acoustic cycle is shown in Figure ‎5.6.  
 
Figure ‎5.5 A sample raw image captured using the PIV measurement setup for measuring 
spatial velocity distribution of the thermoacoustic refrigerator. 
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Figure ‎5.6 A sample series of vector maps analyzed using adaptive correlation technique showing the oscillatory particle motion that occurs in 
the thermoacoustic refrigerator with no stack. 
1 cm = 0.745 m/s 
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Spatial analysis was performed using two MATLAB codes (Appendix C) where the analysis 
was performed on two stages using the two codes. The first code was used to write a part of 
the second code. That written part is responsible of reading the files exported from the PIV 
software having the values of vector velocities. The second code is used for averaging, 
selecting the maximum amplitudes at each measurement location, applying the conversion 
from pixel displacement to particle velocity in [m/s] and plotting the final spatial distribution.  
Figure ‎5.7 shows an example of the temporal velocity behavior of a single measurement 
location. Figure ‎5.8 shows the temporal velocity behavior at each measurement location and 
Figure ‎5.9 shows the final spatial plot where the measurement locations are referenced to the 
outermost edge of the prototype which is the outer edge of the back volume. 
 
 
 
 
Figure ‎5.7 The temporal velocity behavior of air particles in the thermoacoustic refrigerator 
with no stack.   
59 
 
 
 
Figure ‎5.8 Temporal velocity behavior of air particles at different locations along the length of the resonator of the thermoacoustic refrigerator with no stack 
where the function generator was operated at 0.7 Vp-p corresponding to 2.5 Vrms and frequency 129 Hz. 
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Figure ‎5.9 Spatial velocity distribution of air particles in a thermoacoustic refrigerator with no stack with 2.5 Vrms to speaker and 129 Hz frequency.
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The velocity spatial distribution shows large amplitude at the loudspeaker’s end and 
decreases along the resonator’s length towards fading at the hard end. The velocity 
distribution also confirms the dynamic pressure measurement results stating that the 
thermoacoustic refrigerator is operating in a quarter wave length mode. 
 
5.1.2. Numerical results 
 
Numerical results are computed using DeltaEC software. Figure ‎5.10 shows the schematic of 
the thermoacoustic refrigerator as drawn by DeltaEC. Figure ‎5.11 shows the DeltaEC model 
for the thermoacoustic refrigerator with no stack. The model aims to simulate the 
experimental measurements to compare numerical and experimental results. The first 
segment in the model is the (Begin) segment where the operating gas was defined as air; the 
mean pressure was defined as atmospheric pressure and standard temperature as 304 Kelvin. 
The frequency and dynamic pressure are set as guesses to let DeltaEC compute their values. 
The (Begin) segment represents only a surface not a volume. The next segment is the (Duct) 
which represents the back volume of the speaker. The left column is for the input variables 
while the right column is for the output variables at each segment. The following segment is 
the (VE speaker) which defines the speaker’s properties. These were previously illustrated in 
details in Chapter ‎Chapter 3. One additional parameter is used in this segment which is the 
voltage amplitude applied on the speaker’s terminals with symbol   . The voltage used in 
DeltaEC is the amplitude voltage which requires multiplying the 2.5 Vrms measured by the 
multi-meter by the square root of two to produce 3.535 V as shown in the figure. The 
following segment is the (Cone) segment where dimensions are dictated by the 
thermoacoustic refrigerator’s detailed drawing Figure ‎4.5. Following is another (Duct) 
segment which represents the quartz tube with all its dimensions. Following is a (Surface) 
segment to accommodate for the viscous losses in the system and produce correct results. The 
final segment is the (Hard end) segment where it states that the value of impedance is infinity 
or the volume flow rate is zero to simulate a hard end. The two values of infinity at the hard 
end are a must to force the DeltaEC model to solve for finding the resonance frequency. Also 
as two targets are present two guesses must also be present for the software to start solving.  
 
Figure ‎5.10 The thermoacoustic refrigerator with no stack schematic plotted 
by DeltaEC software. 
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Figure ‎5.11 DeltaEC model for the thermoacoustic refrigerator with no-
stack at 2.5 Vrms  to speaker and 129 Hz frequency. 
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5.1.2.1. Resonance frequency  
 
The numerical resonance frequency of the fundamental mode was found to be 129.12 Hz. 
 
5.1.2.2. Dynamic end pressure  
 
The dynamic end pressure value was found to be 648.94 Pa 
 
5.1.2.3. Spatial dynamic pressure  
 
The numerically calculated spatial dynamic pressure plot is shown below in Figure ‎5.12. 
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Figure ‎5.12 The numerically calculated spatial dynamic pressure plot without a stack. 
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5.1.2.4. Spatial velocity  
 
The numerical spatial velocity plot is shown below in Figure ‎5.13 
 
Figure ‎5.13 The numerical spatial velocity plot without a stack. 
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5.1.3. Comparison of experimental and numerical results 
 
Table ‎5.3 shows a comparison between experimental and numerical results of the acoustical 
performance of the thermoacoustic refrigerator with no stack.  
“No stack” Experimental results Numerical results 
Resonance frequency [Hz] 129 ± 3 129.12 
Dynamic end pressure [Pa] 579.86 ± 26 648.94 
Velocity at 0.515 m  
from edge of back volume [m/s] 
1.48 ± 0.025  1.4839 
   
Experimental spatial dynamic pressure distribution 
 
 
  
Table ‎5.3 A comparison between the experimental and numerical values measured and computed 
to validate the acoustic behavior of the thermoacoustic refrigerator without a stack. The 
parameters compared are resonance frequency, dynamic end pressure, spatial dynamic pressure 
distribution and spatial velocity distribution. 
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Table ‎5.3 (Continued) 
Numerically calculated spatial dynamic pressure distribution 
 
Experimental and numerical spatial velocity distribution 
 
 
 
As shown through the results and the comparison table the experimental results are in good 
agreement with the numerical ones for all measured parameters. The fact that the 
thermoacoustic refrigerator is a standing wave refrigerator designated as a quarter wave 
system has been proven both by experiment and numerical modeling. The resonance 
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frequency was found to be around 129 Hz, the dynamic end pressure averages around 615 Pa 
and the spatial dynamic pressure and velocity distributions were determined to characterize 
the thermoacoustic system as a whole from the acoustics’ point of view. Figure ‎5.14 shows 
the numerical frequency response of the thermoacoustic refrigerator with no stack showing 
peaks at the mechanical resonance of the loudspeaker and at the fundamental and first 
harmonic frequency of the acoustic system. Table ‎5.4 shows a comparison between these 
numerical results and their corresponding experimental results confirming the good 
agreement between the numerical estimation and the experimental results of the acoustic 
behavior of the thermoacoustic refrigerator at no load. 
 
 
  
 Measured 
 [Hz] 
Estimated  
[Hz] 
Mechanical resonance frequency of the speaker in the free field 
(Measured using microphone) 
99  
Mechanical resonance frequency of the speaker in the free field 
(Measured using the free decay curve) 
96.2  
Mechanical resonance frequency of the speaker in the free field 
(Calculated using the measured values of lumped mass and lumped stiffness) 
97.5  
Mechanical resonance frequency of the speaker  in the acoustic system 191 190.3 
Fundamental acoustic frequency 129 128 
First acoustic harmonic frequency 409 424.4 
Figure ‎5.14 The numerical frequency response of the thermoacoustic refrigerator with no stack. 
Table ‎5.4 Comparison of the estimated numerical and experimental values of resonance 
frequencies for the thermoacoustic refrigerator with no stack. 
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5.2. The study of the effect of changing stack configurations on dynamic pressure 
and velocity 
 
The acoustic behavior of the thermoacoustic refrigerator was also studied after inserting 
stacks with different configurations into the resonator. The previous study performed with no 
stack was only to validate the numerical model against the experimental setup, but the 
presence of stacks as part of a thermoacoustic device is a necessity when looking into 
thermoacoustic effects. The main aim of this part of the study was to evaluate the effects that 
different stack porosities and lengths have on dynamic pressure and velocity. 
 
The location of stacks’ was determined using the validated numerical model of the 
thermoacoustic refrigerator with no-stack. An optimized location of the stack is 
where the product of the two principal acoustic variables – dynamic pressure and 
particle velocity – is maximum, in other words where the total acoustic power is 
maximum. Figure ‎5.15 shows the acoustic power plot as exported from DeltaEC. 
The zone of maximum acoustic power was located near the loudspeaker’s end. 
Thus, all stacks with their different configurations were placed next to the 
loudspeaker. 
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Figure ‎5.15 The acoustic power plot of the thermoacoustic refrigerator with no stack as exported from DeltaEC showing maximum value at the 
loudspeaker’s end.  
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Figure ‎5.16 shows a schematic of the thermoacoustic refrigerator showing the location of 
stacks’ placement. As the prototype structure implies the stacks could not be placed directly 
after the speaker due to the presence of the reducing pyramid-shaped cone, thus the stacks 
were placed at the closest point to the speaker after the cone which was the beginning of the 
quartz tube. The stacks used are meshed ceramic stacks with square channels and different 
porosities (100,200,400 and 600 cells per square inch) and lengths.   
 
 
 
Five different configurations of meshed ceramic stacks were used. Ceramics having high 
thermal capacity were chosen to allow for the gas temperature to fluctuate but not the stack 
temperature and low thermal conductivity to reduce the thermal conduction along the stack, 
thus being preferred in thermoacoustics as stack materials. A meshed stack is defined by the 
porosity, stack length and stack location. Figure ‎5.17 shows all four stack porosities (100 
CPSI, 200 CPSI, 400 CPSI and 600 CPSI). Black plasticine (clay) was used to fix the stack to 
the aluminum sheet and to block the air gaps between the stack and the walls of the quartz 
resonator to prevent flow leakage. The image was taken after a measurement run was 
completed and the aluminum sheet was pulled out of the resonator.  Table ‎5.5 shows the 
details of the five configurations of stacks used in the measurements. Some values in Table 
‎5.5 are calculated to be used directly in numerical modeling with the DeltaEC software such 
as half the pore width, half the pore breadth and half the plate thickness. 
 
 
Figure ‎5.16 A schematic of the thermoacoustic refrigerator showing the stack location as close 
as possible to the speaker where the zone of maximum acoustic power exists.  
Figure ‎5.17 (From left to right) Real time pictures of ceramic stacks with different porosities 
100 CPSI, 200 CPSI, 400 CPSI and 600 CPSI. 
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DeltaEC symbol 100 CPSI 200 CPSI 400 CPSI 600 CPSI 600 CPSI Half length 
Run# 
 
4A 4B 4C 4D 4E 
Ceramic type 
 
Celcor Celcor Celcor Celcor Celcor 
Supplier 
 
Chinese Corning Corning Corning Corning 
Pore width/breadth [m] 
 
0.001975 0.001542 0.001118 0.000961 0.000961 
Half of pore width/breadth [m] aa/bb 0.0009875 0.000771 0.000559 0.0004805 0.0004805 
Plate thickness [m] 
 
0.00055 0.000254 0.000152 0.000076 0.000076 
Half of plate thickness [m] Lplate 0.000275 0.000127 0.000076 0.000038 0.000038 
Porosity (Gas area/Total area) Gas A/A 0.611 0.737 0.774 0.858 0.858 
Length [m] Length 0.045 0.045 0.045 0.045 0.0225 
Location of stack [m] 
Measured from edge of the stack to the  
outer edge of the back volume (Figure ‎5.18) 
 
0.45 0.45 0.45 0.45 0.438 
 
 
Table ‎5.5 Details of different meshed stack configurations used in studying the acoustic behavior of the thermoacoustic refrigerator. 
Figure ‎5.18 Illustration of how the stack location was defined measuring the distance  
from outer edge of the back volume to the end of the stack’s length.  
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5.2.1. Numerical and experimental results  
 
For each stack configuration a DeltaEC model was developed and all experimental 
measurements performed in (Section ‎4) were also repeated for each configuration. Detailed 
DeltaEC models for each case are shown in (Appendix D) while comparison tables are 
furnished below to show the final experimental and numerical results. 
Table ‎5.6 shows a comparison between the experimental and numerical results of Run# 4A. 
“100 CPSI - 0.045 m length” Experimental results Numerical results 
Resonance frequency [Hz] 119 ± 3 125.41 
Dynamic end pressure [Pa] 522.909 ± 26 555.47 
Velocity at 0.515 m from edge of back volume 
[m/s] 
1.21 ± 0.025 1.2103 
   
Experimental spatial dynamic pressure distribution 
 
 
  
Table ‎5.6 Comparison of experimental and numerical results of Run# 4A. 
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Table ‎5.6 (Continued) 
Numerically calculated spatial dynamic pressure distribution 
 
Experimental and numerical spatial velocity distribution 
 
 
Table ‎5.7 shows a comparison between the experimental and numerical results of Run# 4B. 
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“200 CPSI - 0.045 m length” Experimental results Numerical results 
Resonance frequency [Hz] 119±3 126.65 
Dynamic end pressure [Pa] 497.02  ± 26 523.11 
Velocity at 0.515 m from edge of back volume [m/s] 1.16  ± 0.025 1.1461 
   
Experimental spatial dynamic pressure distribution 
 
Numerically calculated spatial dynamic pressure distribution 
 
Table ‎5.7 Comparison of experimental and numerical results of Run# 4B. 
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Table ‎5.7 (Continued) 
Experimental and numerical spatial velocity distribution 
 
 
Table ‎5.8 shows a comparison between the experimental and numerical results of Run# 4C. 
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 “400 CPSI - 0.045 m length” Experimental results Numerical results 
Resonance frequency [Hz] 120 ± 3 127.05 
Dynamic end pressure [Pa] 481.49  ± 26 460.1 
Velocity at 0.515 m from edge of back volume [m/s] 1.15  ± 0.025 1.0646 
   
Experimental spatial dynamic pressure distribution 
 
Numerically calculated spatial dynamic pressure distribution 
 
Table ‎5.8 Comparison of experimental and numerical results of Run# 4C. 
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Table ‎5.8 (Continued) 
Experimental and numerical spatial velocity distribution 
 
 
Table ‎5.9 shows a comparison between the experimental and numerical results Run# 4D. 
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“600 CPSI - 0.045 m length” Experimental results Numerical results 
Resonance frequency [Hz] 120 ± 3 128.18 
Dynamic end pressure [Pa] 434.895 ± 26 432.46 
Velocity at 0.515 m from edge of back volume [m/s] 1.03 ± 0.025 1.0058 
   
Experimental spatial dynamic pressure distribution 
 
Numerically calculated spatial dynamic pressure distribution 
 
Table ‎5.9 Comparison of experimental and numerical results of Run# 4D. 
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Table ‎5.9 (Continued) 
Experimental and numerical spatial velocity distribution 
 
 
Table ‎5.10 shows a comparison between the experimental and numerical results of Run# 4E. 
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“600 CPSI - 0.0225 m length” Experimental results Numerical results 
Resonance frequency [Hz] 124 ± 3 128.34 
Dynamic end pressure [Pa] 525.5 ± 26 523.97 
Velocity at 0.515 m from edge of back volume [m/s] 1.16 ± 0.025 1.2192 
   
Experimental spatial dynamic pressure distribution 
 
Numerically calculated spatial dynamic pressure distribution 
 
Table ‎5.10 Comparison of experimental and numerical results of Run# 4E. 
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Experimental and numerical spatial velocity distribution 
 
 
 
It is observed from the results of all cases introduced including the no-stack case that 
experimental results are in very good agreement with numerical ones. The values of 
frequency and end pressures are very close and the trends of spatial dynamic pressure and 
velocity are almost identical. Table ‎5.11 shows a list of measured frequencies for all 
configurations. Figure ‎5.19 shows a combined plot of the experimental spatial dynamic 
pressures of all stack configuration cases while Figure ‎5. shows the same plot but for spatial 
velocity. 
 
 
Configuration 
Experimental 
resonance  
frequency [Hz] 
No stack 129 ± 3 
100 CPSI 119 ± 3 
200 CPSI 119 ± 3 
400 CPSI 120 ± 3 
600 CPSI 120 ± 3 
600 CPSI – Half Length 124 ± 3 
Table ‎5.10 (Continued) 
Table ‎5.11 A list of experimental resonance frequencies  
of all runs. 
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Figure ‎5.19 Combined plot of all experimental spatial dynamic pressure distributions.   
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Figure ‎5.20 Combined plots of all experimental spatial velocity distributions.   
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Observing the results of frequency, spatial dynamic pressure and spatial velocity and 
comparing the results with different porosities of different configurations it was found that 
the insertion of the stacks components in general decreases both dynamic pressure and 
velocity values and accordingly acoustic power values along the length of the resonator while 
preserving the spatial trend obtained without the presence of stacks.  
 
Additionally the numerical analysis showed that the behavior inside the stack channels is 
different from outside. As observed, the value of particle velocity increases greatly inside the 
stack channels breaking the trend of axial velocity yet replicating the trend but at higher 
amplitude. On the other hand, dynamic pressure was observed to take a linear trend inside the 
stack channels yet not breaking out from the axial dynamic pressure trend in a noticeable 
manner as velocity. This effect could be attributed to the sudden change in cross section from 
one large cross section to multiple smaller cross sections. Regarding velocity, the change in 
cross section should be regarded as a step down from the cross section of the resonator to the 
cross section of only one stack channel as the flow is forced to accommodate for the size of 
each channel alone. As for dynamic pressure, the change in cross section can be viewed from 
the blockage point of view thus the decrease in dynamic pressure amplitude is on a much 
smaller scale than the increase in velocity. However, the flow behavior inside the stack was 
not studied experimentally for meshed stacks and the observations are based only on 
numerical analysis. 
 
It was also noticed that frequency, dynamic pressure and velocity are affected by changes in 
two main parameters; porosity viscous losses. As porosity increases the values of frequency, 
dynamic pressure and velocity are expected to increase. However, the increase in porosity is 
accompanied by an increase in the amount of viscous losses that occur due to friction 
resulting from the contact between the gas (air) parcels and the stack surfaces. This contact is 
increased as the number of cells per square inch increases and as the length of the stack 
increases. The value of contact friction is quantified as the wet area [m
2
/inch
2
] where this wet 
area is the product of the cell perimeter and the stack length per square inch. Figure ‎5. shows 
the dynamic end pressure values of each stack configuration compared to the wet area and 
Figure ‎5.22 shows the velocity values measured at 0.25 m from the speaker’s surface also 
compared to the wet area for each stack configuration.  
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As observed in Figure ‎5. and Figure ‎5.22 for experiments with meshed stacks; as porosity 
increases while maintaining stack length the values of the dynamic end pressure and velocity 
decrease unlike what is expected. Also, when the stack length is decreased to half its original 
length while maintaining the same porosity, pressure and velocity increase. Thus it is fair to 
say that it is the wet area of the meshed stack that dominates the acoustic losses of the 
thermoacoustic refrigerator not the porosity. 
 
Figure ‎5.21 Dynamic end pressures of different stack configurations versus the wet area  
Figure ‎5.22 Velocity at 0.25 m from speaker’s surface versus the wet area 
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As for resonance frequency, looking at Table ‎5.5, Table ‎5.6, Table ‎5.7, Table ‎5.8, Table ‎5.9 
and Table ‎5.10 while comparing values of experimental resonance frequencies to numerical 
ones; it becomes clear that the numerical data are not affected by the viscous losses showing 
that DeltaEC deals with stack elements as flow blockers and thermal exchange surfaces 
without taking into consideration the friction between the gas parcels and the stack surfaces 
(wet area), thus for the current configuration of the thermoacoustic refrigerator the numerical 
resonance frequency obtained through DeltaEC is only affected by change in porosity. 
Additionally, the measurements of the experimental values of resonance frequencies have 
shown that the thermoacoustic refrigerator in discussion has a bad quality factor leading to 
close values of resonance for stacks of close porosity values. 
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Chapter 6. Flow visualization in a thermoacoustic refrigerator 
 
Flow visualization of the introduced thermoacoustic refrigerator was focused on two 
objectives. The first was to study the morphology of vortex formation at the vicinity of a set 
of parallel plates. This was done by using different configurations of the parallel plates set 
and changing the dynamic pressure. Observing the vortex formation in thermoacoustics in 
general is a step towards understanding the losses caused by vortex generation in 
thermoacoustic devices. Understanding how changing the stack components’ configuration 
affects the formation of a vortex is essential. The second objective was to observe the flow 
physics inside the channels of a set of parallel plates at different stack configurations, 
dynamic pressure and under the effect of the vortex structures occurring at the edge of the 
plates of the stack.  
 
For the purpose of studying the behavior of vortex structures at the edge of the plates 
aluminum plates were used, while for observations performed between the channels acrylic 
plates were used. Although aluminum and acrylic don’t share the same good thermal 
properties of ceramic for use in thermoacoustics, but at the current scope of study the drive 
ratio used ranged from 0.73% to 1.84% with atmospheric pressure as the man pressure which 
is a very low value allowing for the thermal fluctuations occurring to be neglected.  
 
All aluminum plates were of 6 mm thickness while the acrylic plates were 7 mm in thickness. 
All plates shared the same width and height, Figure ‎6.1 shows a detailed plate dimensions. 
Nuts of 3 mm thickness were used to separate the plates and were mounted on a bolt passing 
through identical holes in all connected plates. Figure ‎6.2 shows a top view of one of the 
parallel plate configurations from a top view showing one of the connecting bolts and the 
nuts in between the plates. The location of all stacks was at 0.465 m from the outer edge of 
the back volume. The definition of the location was previously illustrated in Figure ‎5.16.  
 
Four different configurations of parallel plate sets were used; two aluminum and two acrylic. 
Each configuration was measured at two different values of dynamic pressure producing a 
total of eight measurements configurations. Aluminum plates do not allow light to pass 
through and were only used for imaging the vortex structures at the edge of the parallel 
plates. The aluminum stack plates were all covered in black tape to prevent reflection of laser 
light, glare and assure clear edge imaging. Unlike aluminum, acrylic plates allow the passage 
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of laser light but the edge roughness of the acrylic plate itself produces a dead measurement 
zone at exactly the stack edge thus not allowing for measurements at the stack edge. 
 
 
 
 
 
 
 
 
The plate thicknesses used throughout this work were selected such that the vortex size is 
detectable by the PIV camera lens. Figure ‎6.3, Figure ‎6.4, Figure ‎6.6 and Figure ‎6.5 show 
pictures of the four parallel plate configurations used. 
Figure ‎6.1 Detailed dimensions of aluminum and acrylic plates having different thicknesses.  
Figure ‎6.2 Top view of one of the aluminum stack configurations showing the through bolt and 
the spacing nuts.  
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In order to obtain the visualization measurement in a relatively quantitative form, fluid 
dimensionless numbers commonly used in fluid mechanics were used to characterize each 
measurement. The dimensionless numbers that are mostly used to describe flow physics in 
thermoacoustics are the Reynolds number (Re) which is used to characterize flow regimes as 
being laminar or turbulent, the Strouhal number (St), the Womersley number (Wo) and the 
Keulegan-Carpenter number (KC) [8] [11] [13] [19]. 
 
Eq. ‎6.1 through Eq. ‎6.4 show the mathematical definitions of these numbers.  
 
The (Re) number equation as suggested by Aben [11]: 
    
       
 
 Eq. ‎6.1 
where (    ) is the velocity value selected as a velocity scale in [m/sec], (  ) is the plate 
spacing selected as a length scale in [m] and ( ) is the kinematic viscosity in [m2/sec]. 
 
For all visualization measurements (outside the stack or in the stack channels) the value of 
(      was measured at a distance of 6.5 mm away from the cold edge of the stack (the edge 
Figure ‎6.3 Aluminum – 3 plate configuration Figure ‎6.4 Aluminum – 4 plate configuration             
Figure ‎6.5 Acrylic – 4 plate configuration Figure ‎6.6 Acrylic – 3 plate configuration  
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towards the hard end of the resonator). Aben [11] and Berson [8] have used this technique to 
measure the value of (      while Mao [13] and Shi [15] used the value of the velocity at the 
edge of the stack. 
 
The (St) number equation as suggested by Aben [11]: 
    
    
    
 Eq. ‎6.2 
 
 
For each measurement run a resonance frequency detection experiment (similar to that in 
Section ‎5.1.1.1) was performed to determine the resonance frequency and the dynamic end 
pressure is measured at the each case’s dynamic pressure to determine the drive ratio. 
 
The (Wo) number equation as suggested by Aben [11]: 
               Eq. ‎6.3 
 
The (KC) number equation as suggested by Aben [11]: 
    
    
    
 Eq. ‎6.4 
where ( ) is the rotational frequency in [rad/sec] and (  ) is the stack length in [m].  
 
Two reasons decided choosing a point of measurement far away from the stack edge for the 
current measurement setup. The first was the reflection of the laser light sheet on the edges of 
the stacks due to manufacturing surface roughness causing zones of glare that produce un-
clear images. The second was the distortion in free stream velocities caused by the vortex 
structures occurring at the stack edges.  
 
Calculating the value of (      was done by selecting a portion of the vector map produced 
from the PIV velocity measurements where that portion is 6.5 mm away from the stack’s cold 
edge. The 6.5 mm was converted to a pixel value using a calibration image. A 150 x 1024 
Pixels
2
 (3.5 x 20.48 mm
2
) portion of the vector maps (orginially taken at 1024 x 1024 Pixels
2
) 
produced from each run was taken as the calculation window where all vectors are averaged 
producing one single vector per map. The single vectors are then plotted to view their 
sinusoidal form and the maximum amplitudes are selected as the (      values for each run. 
The reason for taking a smaller window of analysis than the full field of view is to approach a line or 
point velocity value. However the resultant sinusoidal plots of the selected 150 x 1024 Pixels
2
 
portion were not completely pure sinusoidal as some of the cases showed distortion effects in 
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the sine wave, mostly at high drive ratios. Such distortion usually occurred when the vortex 
structures caused a larger disturbance in the flow field making the 6.5 mm not enough to 
secure measuring the value (      without being disturbed by the effect of the vortex 
structures. However taking the measurement location farther than 6.5 mm would make the 
values of the calculated dimensionless numbers more related to the free stream flow than to 
the thermoacoustic effects. Additionally, the distorted plots showed sinusoidal-like results 
that could be traced to define the maximum amplitude with a bit of approximation. Figure ‎6.7 
and Figure ‎6.8 show the temporal velocity behavior of each of the measured configurations 
analyzed using the 150 x 1024 Pixels
2
 portion of the vector map. 
 
 
 
 
 Figure ‎6.7 Temporal velocity distribution of air particles measured 6.5 mm away from the cold 
stack edge of aluminum parallel plate stacks imaged at 2700 Hz laser trigger rate and 185  s 
time between pulses and analyzed using a 150 x 1024 Pixels
2
 window out of 1024 x 1024 Pixels
2
 . 
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Table ‎6.1 shows the values of (      calculated for all eight measurement configuration and the 
corresponding dimensionless numbers. The drive ratios used ranged from 0.73% as the lowest 
value up to 1.84% being the highest value. The selection of drive ratios was based on the 
need to have two different cases (one with low drive ratio and another with a higher one) for 
each stack configuration. The input signal from the function generator was 0.7 Vp-p for the 
low drive ratio and 2.2 Vp-p for the high drive ratio and both these inputs were fixed for all 
configurations. The 2.2 Vp-p value is the maximum value the loudspeaker can attain for 
continuous operation. The change in the values of the drive ratios is a result of the different 
stack configurations that cause a change in the blockage value. 
Run # Measurement configuration (        
 
   
  Re St Wo KC 
5A Aluminum – 3 plates – 0.77% Drive ratio 1.4024 560 0.51 16.9 0.02 
5B Aluminum – 3 plates – 1.84% Drive ratio 3.6103 1444 0.2 16.9 0.05 
5C Aluminum – 4 plates – 0.73% Drive ratio 1.3083 523 0.53 16.7 0.02 
5D Aluminum – 4 plates – 1.3% Drive ratio 3.1781 1271 0.22 16.7 0.05 
5E Acrylic – 3 plates – 0.76% Drive ratio 1.42 662 0.59 19.7 0.02 
5F Acrylic – 3 plates – 1.82% Drive ratio 3.1583 1475 0.26 19.7 0.05 
5G Acrylic – 4 plates – 0.69% Drive ratio 1.2325 575 0.63 19.04 0.02 
5H Acrylic – 4 plates – 1.24% Drive ratio 2.7284 1273 0.28 19.04 0.04 
Figure ‎6.8 Temporal velocity distribution of air particles measured 6.5 mm away from 
the cold stack edge of acrylic parallel plate stacks and analyzed using a 150 x 1024 
Pixels
2
 window out of 1024 x 1024 Pixels
2
 .  
Table ‎6.1 Measurement configurations and the corresponding dimensionless numbers. 
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Figure ‎6.9, Figure ‎6.13, Figure ‎6.16, Figure ‎6.19, Figure ‎6.22, Figure ‎6.25, Figure ‎6.28 and 
Figure ‎6.31 show selected raw images of the different measurement configurations. For 
(Section ‎6.2) the raw images are shown for the sake of illustrating vortex structures only as 
the main aim of this section is to study flow inside the stack channels. Figure ‎6.10, Figure 
‎6.14, Figure ‎6.17, Figure ‎6.20, Figure ‎6.23, Figure ‎6.26, Figure ‎6.29 and Figure ‎6.32 show 
the temporal location of the analysis points in the acoustic cycle for each measurement 
configuration. Figure ‎6.11, Figure ‎6.15, Figure ‎6.18, Figure ‎6.21, Figure ‎6.24, Figure ‎6.27, 
Figure ‎6.30 and Figure ‎6.33 show a sequence of vector maps corresponding to these analysis 
points. The black areas that are bordered with circles and irregular shapes are the air gaps that 
occur at the core of vortex structures. The rectangular shapes on the right side of the raw 
images indicate the parallel plates. Each vector map is labeled with its index number in the 
acoustic cycle. In each figure there are eight vector maps, in the top four the flow is moving 
to the left towards the outside of the stack channels and into the free stream zone, this is the 
ejection stage. In the bottom four vector maps the flow is moving to the right and towards the 
inside of the parallel channels. 
 
It was observed throughout all measurements that the peaks of vortex structures occur at the 
point where the flow velocity is zero and the flow changes direction and start returning back 
towards the plates’ direction. The part of the flow where the air particles start moving outside 
the stack into the resonator is called the ejection phase [15] referring to the flow or the air 
particles being ejected from inside the stack. All the vector maps shown in all measurement 
configurations are during the ejection phase. As observed in the vector maps; the vortex 
structures initiate as soon as the gas particles start to move outside the channels of the plates, 
and the vortex structures start to increase in size reaching the peak and then depending on the 
measurement configuration the vortex structures experience different events before the flow 
changes direction and during the return period and even after the air particles return back into 
the stack.   
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6.1. Flow visualization at the edge of a set of parallel aluminum plates stacks in a 
thermoacoustic refrigerator 
 
6.1.1. Aluminum – 3 plates – 0.77% Drive ratio 
 
Table ‎6.2 shows the measurement configuration for Run# 5A. 
Run# 5A: Aluminum – 3 plates – 0.77% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 119 
Function generator voltage [Vp-p] 0.7 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 2.5 
Measured dynamic pressure Drive ratio [%] 0.77 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 6 
Plate spacing [mm] 6 
Volumetric porosity [Open area/Total area] 0.5 
Dimensionless numbers 
Re 560 
St 0.51 
Wo 16.9 
KC 0.02 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
Table ‎6.2 Measurement configuration for Run# 5A. 
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Figure ‎6.9 A selected raw image (index=17) from Run# 5A showing the air gaps inside vortex 
structures in red. 
Figure ‎6.10 Part of the acoustic cycle from Run# 5A showing the indices of the vector maps 
shown in Figure ‎6.11. 
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Index = 15 Index = 16 Index = 17 
Index = 18 Index = 19 Index = 20 Index = 21 
                       
  
        
 
   
Index = 14 
Figure ‎6.11 Vector maps of images having indices from 14 to 21 showing the development of vortex structures from Run# 5A. 
1 cm = 1.45 m/s 
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It was observed that as soon as the extraction phase begins vortex structures begin to develop 
while moving in a direction away from the stack into the sudden expansion zone. The vortex 
structures occur exactly in-front of the stack walls in the sudden expansion zone. It is shown 
in Figure ‎6.11 in index 17 the peak development of the vortex structures with the air gaps 
inside them showing no vectors, these gaps are the ones circled in red as seen in Figure ‎6.9. 
Figure ‎6.12 shows an enlarged image of index 17 in Figure ‎6.11. Due to the oscillating nature 
of the sound wave vacuum occurs at the moment of sudden expansion of the flow. This 
sudden expansion is the one that occurs at the edges of the parallel plates where air particles 
from the plate channels move into the streaming flow part. Vacuum generates a centripetal 
force that forces the air particles to move in a curved path and form a vortex. Air gaps are 
formed in the core of the vortex as a result of particles grouping to follow the curved path of 
the vortex. It was also observed that the vortex structures affect only the region of the flow 
close to the parallel plates while away from the plates the flow was undisturbed. 
 
 
 
Figure ‎6.12 An enlarged image of index 17 in Figure ‎6.11 
1 cm = 0.57 m/s 
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6.1.2. Aluminum – 3 plates – 1.84% Drive ratio 
 
In order to investigate the effects of higher drive ratios, the drive ratio was increased from 
0.77% to 1.84% at the same geometrical configuration of Run# 5A. Table ‎6.3 shows the 
measurement configuration for Run# 5B. 
Run# 5B: Aluminum – 3 plates – 1.84% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 119 
Function generator voltage [V] 2.2 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 8 
Measured dynamic pressure Drive ratio [%] 1.84 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 6 
Plate spacing [mm] 6 
Volumetric porosity [Open area/Total area] 0.5 
Dimensionless numbers 
Re 1444 
St 0.2 
Wo 16.9 
KC 0.05 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
Table ‎6.3 Measurement configuration for Run# 5B. 
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Figure ‎6.13 A selected raw image (index=37) from Run# 5B showing the air gaps inside vortex 
structures in red. 
Figure ‎6.14 Part of the acoustic cycle from Run# 5B showing the indices of the vector maps 
shown in Figure ‎6.15. 
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Index = 34 Index = 35 Index = 36 Index = 37 
Index = 38 Index = 39 Index = 40 Index = 41 
             
 
                   
       
             
 
 
 
Figure ‎6.15 Vector maps of images having indices from 34 to 41 showing the development of vortex structures from Run# 5B. 
1 cm = 1.45 m/s 
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At a higher drive ratio (1.84%) while preserving plate thickness and spacing, it was observed 
that the vortex structures are getting larger in size and thus causing a disturbance in a larger 
portion of flow measured as a displacement of the vortex structure away from the plate edges. 
Another interesting event was observed, which was the un-symmetry of the vortex structures 
around different place noticing one vortex leading the other.  
 
6.1.3. Aluminum – 4 plates – 0.73% Drive ratio 
 
Table ‎6.4 shows the measurement configuration for Run# 5C.  
 
 
Run# 5C: Aluminum – 4 plates – 0.73% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 116 
Function generator voltage [V] 0.7 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 2.5 
Measured dynamic pressure Drive ratio [%] 0.73 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 6 
Plate spacing [mm] 3 
Volumetric porosity [Open area/Total area] 0.33 
Dimensionless numbers 
Re 262 
St 0.27 
Wo 8.34 
KC 0.02 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
 
 
 
 
Table ‎6.4 Measurement configuration for Run# 5C. 
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Figure ‎6.16 A selected raw image (index=10) from Run# 5C configuration showing the air gaps 
inside vortex structures in red. 
Figure ‎6.17 Part of the acoustic cycle of the from Run# 5C showing the indices of the vector 
maps shown in Figure ‎6.18. 
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Index = 7 Index = 8 Index = 9 Index = 10 
Index = 11 Index = 12 Index = 13 Index = 14 
 
             
 
 
 
              
 
 
 
 
Figure ‎6.18 Vector maps of images having indices from 7 to 14 showing the development of vortex structures from Run# 5C. 
1 cm = 1.45 m/s 
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Changing the plate spacing while returning to the value of the lower drive ratio (0.73%); 
similar vector maps were observed to those of Run# 5A but as plates close towards each other 
the vortex structures from different channels begin to interact with each other. 
 
 
6.1.4. Aluminum – 4 plates – 1.3% Drive ratio 
 
In order to investigate the effects of higher drive ratios, the drive ratio was increased from 
0.73% to 1.3% at the same geometrical configuration of Run# 5C. Table ‎6.5 shows the 
measurement configuration for Run# 5D. 
Run# 5D: Aluminum – 4 plates – 1.3% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 116 
Function generator voltage [V] 2.2 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 8 
Measured dynamic pressure Drive ratio [%] 1.3 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 6 
Plate spacing [mm] 3 
Volumetric porosity [Open area/Total area] 0.33 
Dimensionless numbers 
Re 636 
St 0.11 
Wo 8.3 
KC 0.05 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
 
 
 
 
Table ‎6.5 Measurement configuration for Run# 5D. 
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Figure ‎6.19 A selected raw image (index=19) from Run# 5D showing the air gaps inside vortex 
structures in red. 
Figure ‎6.20 Part of the acoustic cycle from Run# 5D showing the indices of the vector maps 
shown in Figure ‎6.21. 
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Figure ‎6.21 Vector maps of images having indices from 16 to 23 showing the development of vortex structures from Run# 5D. 
1 cm = 1.45 m/s 
108 
 
Changing the drive ratio to 1.3% and maintaining the smaller plate spacing caused large 
disturbances to occur throughout a larger portion of the flow. It was observed that vortex 
structures have increased in size and displaced to a farther distance (same observation as in 
Run# 5B) but with additional interaction between the vortex structures causing the formation 
of secondary complex structures composed of two vortex structures interacting together. It 
was observed that the structures sharing the same channel are the ones who interact. 
Additionally, these interactions cause an extended disturbance into the flow zone beyond the 
plate’s edge into the flow in displacements that were farther than those observed in Run# 5B.  
 
In higher drive ratio oscillations the flow disturbance is seen in a larger number of frames per 
cycle due to the large displacement of vortex structures occurring due to high dynamic 
pressure where the vortex structures take a longer time to develop. 
 
As seen in Figure ‎6.21, no vortex shedding was observed, however it was noticed during 
measurements that at high amplitudes vortex structures tend to shed but at the edge of 
shedding the structures is pulled back into the plates; premises leaving no traces of 
disturbance outside the stack channels. 
 
It was concluded that the increase in dynamic pressure amplitude initially increases the 
displacement of the air particles at constant frequency. The increase in displacement causes 
the formation of larger vortex structures and more disturbances in the flow beyond the plate 
edge and into the free stream flow. The decrease in plate spacing causes vortex structures to 
interact with each other and form complex structures. The combination of increasing dynamic 
pressure amplitude and decreasing plate spacing increase the amount of disturbances in a 
complex behavior. However at all drive ratios used in this work (Ranging from 0.73% to 
1.84%) whatever disturbance occurred in the free stream zone was pulled back into the 
plates’ premises as the flow changed direction. 
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6.2. Flow visualization inside the channels of a parallel plate acrylic stacks in a 
thermoacoustic refrigerator 
 
The use of acrylic plates allowed for the passage of laser light through the plates and 
consequently the visualization of the flow in between the parallel plates. 
  
6.2.1. Acrylic – 3 plates – 0.76% Drive ratio 
 
 
Table ‎6.6 shows the measurement configuration for Run# 5E. 
Run# 5E: Acrylic – 3 plates – 0.76% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 119 
Function generator voltage [V] 0.7 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 2.5 
Measured dynamic pressure Drive ratio [%] 0.76 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 7 
Plate spacing [mm] 6 
Volumetric porosity [Open area/Total area] 0.4615 
Dimensionless numbers 
Re 568 
St 0.5 
Wo 16.9 
KC 0.02 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
 
 
 
 
 
 
 
 
Table ‎6.6 Measurement configuration for Run# 5E. 
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Figure ‎6.22 A selected raw image (index=13) from Run# 5E showing the air gaps inside vortex 
structures in red. 
Figure ‎6.23 Part of the acoustic cycle from Run# 5E showing the indices of the vector maps 
shown in Figure ‎6.24. 
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Figure ‎6.24 Vector maps of images having indices from 10 to 17 showing the development of vortex structures from Run# 5E. 
1 cm = 1.45 m/s 
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It was observed that at the lower drive ratio (0.76%) the flow in between the plates is 
undisturbed at all points in the acoustic cycle.  
 
6.2.2. Acrylic – 3 plates – 1.82% Drive ratio 
 
 
In order to investigate the effects of higher drive ratios, the drive ratio was increased from 
0.76% to 1.82% at the same geometrical configuration of Run# 5E. Table ‎6.7 shows the 
measurement configuration for Run# 5F. 
Run# 5F: Acrylic – 3 plates – 1.82% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 119 
Function generator voltage [V] 2.2 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 8 
Measured dynamic pressure Drive ratio [%] 1.82 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 7 
Plate spacing [mm] 6 
Volumetric porosity [Open area/Total area] 0.4615 
Dimensionless numbers 
Re 1263 
St 0.26 
Wo 16.9 
KC 0.05 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
 
 
 
 
 
 
 
 
Table ‎6.7 Measurement configuration for Run# 5F. 
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Figure ‎6.25 A selected raw image (index=18) from Run# 5F showing the air gaps inside vortex 
structures in red. 
Figure ‎6.26 Part of the acoustic cycle from Run# 5F showing the indices of the vector maps 
shown in Figure ‎6.27. 
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Figure ‎6.27 Vector maps of images having indices from 12 to 19 showing the development of vortex from Run# 5F. 
1 cm = 1.45 m/s 
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After increasing the drive ratio to 1.82% while preserving the plate spacing it was observed 
that the flow in between the plates is disturbed when the vortex structures are pulled into the 
channels between the plates after returning from the ejection phase, but when the vortex 
structures are being developed outside the plates’ premises the flow in the channels is 
undisturbed. It was observed in the vortex maps in Figure ‎6.27 that when the vortex 
structures are pulled back into the channels most of the flow in undisturbed but some 
disturbances occur near the plate’s edge. These disturbances were related to the edge effect of 
the acrylic plates, where laser light is not allowed to pass through the edge of the plate 
leaving dark areas that produce error in vector maps’ computation. 
 
6.2.3. Acrylic – 4 plates – 0.69% Drive ratio 
 
Table ‎6.8 shows the measurement configuration for Run# 5G. 
Run# 5G: Acrylic – 4 plates – 0.69% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 111 
Function generator voltage [V] 0.7 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 2.5 
Measured dynamic pressure Drive ratio [%] 0.69 
Parallel plates’ configuration 
Stack location from back volume [mm] 465 
Plate length [mm] 90 
Plate thickness [mm] 7 
Plate spacing [mm] 3 
Volumetric porosity [Open area/Total area] 0.3 
Dimensionless numbers 
Re 247 
St 0.27 
Wo 8.16 
KC 0.02 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
 
Table ‎6.8 Measurement configuration for Run# 5G. 
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Figure ‎6.28 A selected raw image (index=6) from Run# 5G showing the air gaps inside vortex 
structures in red. 
Figure ‎6.29 Part of the acoustic cycle from Run# 5G showing the indices of the vector maps 
shown in Figure ‎6.30 
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Figure ‎6.30 Vector maps of images having indices from 4 to 11 showing the development of vortex structures from Run# 5G. 
1 cm = 1.45 m/s 
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Changing the plate spacing while returning to lower drive ratio (0.69%); it was confirmed 
that at low dynamic pressure the flow remains undisturbed all along. The cause of the few 
vectors occurring in the lower stack channel is attributed to glare effect rising from the 
reflection of the laser light sheet on the acrylic plate.   
 
6.2.4. Acrylic – 4 plates – 1.24% Drive ratio 
 
In order to investigate the effects of higher drive ratios, the drive ratio was increased from 
0.69% to 1.24% at the same geometrical configuration of Run# 5G. Table ‎6.9 shows the 
measurement configuration for Run# 5H. 
Run# 5H: Acrylic – 4 plates – 1.24% Drive ratio 
Function generator settings 
Resonance frequency [Hz] 111 
Function generator voltage [V] 2.2 
Amplifier settings -20 dB, -9 dB 
Voltage to speaker [Vrms] 8 
Measured dynamic pressure Drive ratio [%] 1.24 
Parallel plates’ configuration 
Stack location from back volume 
[mm] 
465 
Plate length [mm] 90 
Plate thickness [mm] 7 
Plate spacing [mm] 3 
Volumetric porosity [Open 
area/Total area] 
0.3 
Dimensionless numbers 
Re 546 
St 0.12 
Wo 8.2 
KC 0.04 
PIV settings 
Laser trigger rate [Hz] 2700 
Time between pulses [ s] 185 
Field of view [mm
2
] 20 x 20 
Laser energy [mJ] 9 
Interrogation area size [Pixels
2
] 32 x 32 
Overlap [%] 50 
Analysis technique Adaptive correlation 
Table ‎6.9 Measurement configuration for Run# 5H 
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Figure ‎6.31 A selected raw image (index=3) from Run# 5H showing the air gaps inside vortex 
structures in red. 
Figure ‎6.32 Part of the acoustic cycle from Run# 5H showing the indices of the vector maps 
shown in Figure ‎6.33. 
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Figure ‎6.33 Vector maps of images having indices from 0 to 7 showing the development of vortex structures from Run# 5H. 
1 cm = 1.45 m/s 
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Maintaining the small plate spacing and increasing the drive ratio (1.24%); it was observed 
that the amount of disturbance in between the plates is much greater than that observed at the 
lower drive ratio (0.69%) and even at a higher drive ratio but with larger plate spacing (Run# 
5F). This was attributed to the smaller channel width that forces the vortex structures to 
interact together and produce greater disturbance even though the drive ratio is lower. 
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Chapter 7. Summary and conclusions 
- Characterization of different properties of an electro-dynamic loudspeaker was 
performed. The parameters measured and estimated were the effective cone area 
(Aeff), the DC resistance (RDC), the damped mechanical resonance frequency in the 
free field (fo), the lumped stiffness (k), the lumped mass (mo), the time constant ( ), 
the mechanical impedance (Rm), the electric impedance at resonance (Ze), the 
coupling coefficient (Bl), the voice coil inductance (L) and the spectral behavior of 
impedance (Z). These parameters were used to simulate the performance of the 
electro-dynamic speaker as part of a thermoacoustic refrigerator system using 
DeltaEC software 
- A prototype of a thermoacoustic refrigerator was built, operated and tested at no load. 
The prototype consisted of a loudspeaker, a quartz resonator and a meshed ceramic 
stack. The prototype was operated without heat exchangers. The dynamic pressure 
and air parcel velocity in part of the resonator were measured using microphones and 
PIV respectively. These measurements were made without stacks and with stacks of 
different porosities and lengths to quantify the blockage caused by the stack. The 
measurements indicated how changes in the stack parameters affect dynamic pressure, 
air parcel velocity and operating acoustic frequency. It was observed that the increase 
in stack length or porosity decreases the dynamic pressure, the air parcel velocity and 
slightly decreases the acoustic frequency. For example, an increase in stack porosity 
from 0%  to 61% causes a decrease in dynamic pressure from 580 Pa to 523 Pa and a 
decrease in air parcel velocity from  1.4 m/s to 1.2 m/s. However further increase in 
porosity from 61% to 74% causes smaller decrease in velocity and pressure (from 1.2 
m/s to 1.16 m/s and from 523 Pa to 479 Pa). The measured pressures and velocities 
were compared to simulations made by DeltaEC and reasonable agreements were 
found to be within 10% in pressure and 8% in velocity.  
- The thermoacoustic refrigerator was operated with a set of parallel plates of different 
plate thicknesses and plate separations in order to visualize, using PIV the flow 
morphology at the plate edges and inside the gap between the plates in eight different 
configurations. Aluminum plates were used in four different configurations to 
visualize the flow pattern at the edges of the plates and acrylic plates were used in 
four different configurations to visualize the flow pattern inside the stack. The 
temporal parcel velocity behavior was recorded for each configuration. In general, the 
results showed that the higher the dynamic pressure the larger the core of the vortex is 
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in terms of diameter and the larger is the disturbance away from the plate edges. The 
vortex size is always proportional to the plate thickness. It was also observed that 
decreasing the plate spacing has the effect of increasing the flow disturbance forcing 
the vortex structures generated near each other to interact and to form complex flow 
structures and increase the disturbance zone. The flow visualization inside the stack 
showed that the flow remains undisturbed in the channels between the stack plates as 
long as the amplitude is relatively low (0.69%, 0.73%, 0.76% and 0.78%). For higher 
drive ratios (1.24%, 1.3%, 1.82% and 1.84%), the flow becomes disturbed in the 
channels when vortex structures are pulled back inside the parallel plates’ zone.  
- The temporal behavior of the vortex generated in the thermoacoustic refrigerator was 
studied. It was observed that the vortex structure starts to initiate in the beginning of 
the rising half of the acoustic cycle. The vortex initiation starts at a maximum flow 
velocity and keeps increasing in size while decreasing in flow velocity till the flow 
velocity value reaches zero without affecting the vortex size. The flow then starts to 
increase in velocity while maintaining direction and also maintaining increase in 
vortex size. The maximum vortex size is reached at the end of the rising half of the 
acoustic cycle (i.e. when the flow starts to change direction again) and is accompanied 
by reaching the maximum velocity again but in the other direction. The falling half of 
the acoustic cycle experiences the same velocity behavior of the rising half cycle but 
with the diminishing of the vortex size.  
- Vortex shedding was not observed. However, some outcomes showed vortex 
generates that were about to shed but were pulled back into the channels of the 
parallel plate sets. Through visual inspection, the existence of vortex shedding was 
observed to be a function of both the operating frequency and the dynamic pressure 
amplitude. Vortex shedding would occur if the period of the acoustic cycle is less than 
the time needed for a vortex to fully develop. The larger a vortex is, the more time it 
needs to fully develop. Thus, if the dynamic pressure is high and the frequency is 
high, the vortex size is large, the time it needs to fully develop is long and the period 
of the acoustic cycle is much less leading at the end to shedding.  
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Chapter 8. Recommendations and future work 
- Decreasing the stack plate length allowing the observation of coupled flow structures 
that occur when the vortices of a new half acoustic cycle generated at plate edges 
interact with those generated from the previous half cycle that are propagating in 
between the plates. 
- Flow visualization for complete thermoacoustic refrigerators (or engines) having heat 
exchanger components not just stacks. 
- Flow visualization for aerodynamic plate edges to study the formation of vortex 
structures and entrance effects. 
- Flow visualization of vortex structures occurring at the vicinity of meshed stacks with 
typical porosities (100 CPSI, 200 CPSI, 400 CPSI and 600 CPSI). 
- Quantifying the effects of vortex generation on the overall energy conversion 
efficiency. 
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Appendix A Measurement results of setup configuration [D] used for plotting acoustic impedance versus frequency. 
Frequency Period 
Loudspeaker 
peak 
-to- 
peak 
voltage 
Resistance 
Peak 
-to- 
peak 
voltage 
Loudspeaker 
Current 
Loudspeaker 
Impedance 
 
Time 
difference 
 
Phase  
shift  
 Re (Z) Im(Z) 
f [Hz] 1/f [sec] Vspeaker [V] Vresistance [V] I [Ampere] Z [Ohms] t [sec] 
  
[Degree] 
10 0.1000 0.134 7.6 0.0197 6.7917 0.0524 8.64 6.715 1.020 
20 0.0500 0.142 8.4 0.0218 6.5117 0.0254 2.88 6.503 0.327 
30 0.0333 0.160 8.8 0.0228 7.0036 0.0180 14.40 6.784 1.742 
40 0.0250 0.162 9 0.0234 6.9336 0.0136 15.84 6.670 1.893 
50 0.0200 0.170 8.8 0.0228 7.4414 0.0108 14.40 7.208 1.851 
60 0.0167 0.184 8.8 0.0228 8.0542 0.0088 10.08 7.930 1.410 
70 0.0143 0.204 8.8 0.0228 8.9296 0.0084 31.68 7.599 4.690 
80 0.0125 0.252 8.8 0.0228 11.0307 0.0076 38.88 8.587 6.924 
90 0.0111 0.340 8.8 0.0228 14.8827 0.0068 40.32 11.347 9.630 
91 0.0110 0.356 8.8 0.0228 15.5831 0.0064 29.66 13.541 7.712 
92 0.0109 0.384 8.8 0.0228 16.8087 0.0060 18.72 15.920 5.395 
93 0.0108 0.384 8.8 0.0228 16.8087 0.0060 20.88 15.705 5.991 
94 0.0106 0.400 8.8 0.0228 17.5091 0.0060 23.04 16.112 6.853 
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Frequency Period 
Loudspeaker 
peak 
-to- 
peak 
voltage 
Resistance 
Peak 
-to- 
peak 
voltage 
Loudspeaker 
Current 
Loudspeaker 
Impedance 
 
Time 
difference 
 
Phase  
shift  
 
Re (Z) Im(Z) 
f [Hz] 1/f [sec] Vspeaker [V] Vresistance [V] I [Ampere] Z [Ohms] t [sec]   [Degree] 
95 0.0105 0.416 8.8 0.0228 18.2095 0.0060 25.20 16.476 7.753 
96 0.0104 0.432 8.8 0.0228 18.9098 0.0056 13.54 18.385 4.426 
97 0.0103 0.440 8.8 0.0228 19.2600 0.0056 15.55 18.555 5.164 
98 0.0102 0.448 8.8 0.0228 19.6102 0.0052 3.46 19.575 1.182 
99 0.0101 0.472 8.6 0.0223 21.1412 0.0052 5.33 21.050 1.963 
100 0.0100 0.480 8.8 0.0228 21.0109 0.0052 7.20 20.845 2.633 
101 0.0099 0.488 8.8 0.0228 21.3611 0.0052 9.07 21.094 3.368 
102 0.0098 0.488 8.6 0.0223 21.8579 0.0050 3.60 21.815 1.372 
103 0.0097 0.488 8.8 0.0228 21.3611 0.0050 5.40 21.266 2.010 
104 0.0096 0.488 8.8 0.0228 21.3611 0.0048 -0.29 21.361 -0.107 
105 0.0095 0.480 8.6 0.0223 21.4995 0.0048 1.44 21.493 0.540 
106 0.0094 0.480 8.8 0.0228 21.0109 0.0046 -4.46 20.947 -1.635 
107 0.0093 0.472 8.8 0.0228 20.6607 0.0044 -10.51 20.314 -3.769 
108 0.0093 0.464 8.8 0.0228 20.3105 0.0044 -8.93 20.064 -3.152 
109 0.0092 0.464 8.8 0.0228 20.3105 0.0044 -7.34 20.144 -2.596 
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Frequency Period 
Loudspeaker 
peak 
-to- 
peak 
voltage 
Resistance 
Peak 
-to- 
peak 
voltage 
Loudspeaker 
Current 
Loudspeaker 
Impedance 
 
Time 
difference 
 
Phase  
shift  
 
Re (Z) Im(Z) 
f [Hz] 1/f [sec] Vspeaker [V] Vresistance [V] I [Ampere] Z [Ohms] t [sec]   [Degree] 
110 0.0091 0.448 8.8 0.0228 19.6102 0.0044 -5.76 19.511 -1.968 
120 0.0083 0.368 8.8 0.0228 16.1084 0.0034 -33.12 13.491 -8.802 
130 0.0077 0.292 9 0.0234 12.4976 0.0032 -30.24 10.797 -6.294 
140 0.0071 0.252 9 0.0234 10.7856 0.0030 -28.80 9.451 -5.196 
150 0.0067 0.232 9 0.0234 9.9296 0.0027 -34.20 8.213 -5.581 
160 0.0063 0.208 9 0.0234 8.9024 0.0026 -30.24 7.691 -4.483 
170 0.0059 0.196 9 0.0234 8.3888 0.0026 -20.88 7.838 -2.990 
180 0.0056 0.188 9 0.0234 8.0464 0.0025 -18.00 7.653 -2.486 
190 0.0053 0.180 9 0.0234 7.7040 0.0025 -9.00 7.609 -1.205 
200 0.0050 0.176 9 0.0234 7.5328 0.0024 -7.20 7.473 -0.944 
250 0.0040 0.168 8.8 0.0228 7.3538 0.0020 0.00 7.354 0.000 
300 0.0033 0.160 9 0.0234 6.8480 0.0017 5.76 6.813 0.687 
350 0.0029 0.156 9 0.0234 6.6768 0.0015 6.48 6.634 0.754 
400 0.0025 0.156 9 0.0234 6.6768 0.0013 4.32 6.658 0.503 
450 0.0022 0.160 9 0.0234 6.8480 0.0012 14.40 6.633 1.703 
132 
 
Frequency Period 
Loudspeaker 
peak 
-to- 
peak 
voltage 
Resistance 
Peak 
-to- 
peak 
voltage 
Loudspeaker 
Current 
Loudspeaker 
Impedance 
 
Time 
difference 
 
Phase  
shift  
 Re (Z) Im(Z) 
f [Hz] 1/f [sec] Vspeaker [V] Vresistance [V] I [Ampere] Z [Ohms] t [sec] 
  
[Degree] 
500 0.0020 0.162 9 0.0234 6.9336 0.0011 14.40 6.716 1.724 
600 0.0017 0.164 9 0.0234 7.0192 0.0009 10.08 6.911 1.229 
700 0.0014 0.166 9 0.0234 7.1048 0.0008 26.64 6.351 3.186 
800 0.0013 0.174 9 0.0234 7.4472 0.0007 33.12 6.237 4.069 
900 0.0011 0.176 9 0.0234 7.5328 0.0007 33.84 6.257 4.195 
1000 0.0010 0.182 8.8 0.0228 7.9666 0.0006 28.80 6.981 3.838 
1500 0.0007 0.204 9 0.0234 8.7312 0.0004 46.80 5.977 6.365 
2000 0.0005 0.232 8.8 0.0228 10.1553 0.0003 57.60 5.441 8.574 
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Appendix B MATLAB code for calculating the ratio of tracer particles’ speed to 
flow speed. 
 
close all, clear all,clc 
  
% Calculation of the ratio of particle response time to period of acoustic 
% wave 
rhom=1.2;       % Density of fluid 
rhop=4000;       % Density of particle 
D=0.41e-6;       % Particle diameter 
mu=1.5e-5;      % Kinematic viscosity of fluid 
freq=150;       % Operating frequency (20 Hz + Maximum resonance)   
gamma=rhop/rhom; 
tp=(gamma-1)*(D^2)/18/mu;%Particle response time 
tf=1/freq;               %Period of acoustic wave    
disp(['Ratio of Flow Velocity to Particle Velocity = ' num2str(tf/tp)]) 
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Appendix C MATLAB code for performing spatial analysis of velocities measured 
using PIV.  
 
Code (1): File name displayer: Used to write a part in the second code that is responsible 
for reading the files exported from the PIV software 
 
close all,clear all, clc 
  
% This code is used to write the first lines of the "Plotter" code that are 
% responsible for reading the ".csv" files exported from the PIV 
% software Dynamic Studio. For each measurement location around 2700 images 
% are taken, each image is a 1024x1024 pixels2 in size. For an 
% interrogation area of 128x128 pixles2 with 50% overlap, the number of 
% vectors per map is 256 maps. Each vector map is exported as a single 
% ".csv" file. Thus a large number of files is exported and each has to 
% imported into MATLAB individually. Files' reading is done through [for] 
% loops due to their large number. The values above the loops are the 
% location of the measurement along the resonator’s length measured from 
% the loudspeaker. 
  
  
  
% Each loop builds a filename and the code that reads the file. The 
% filename is written manually as exported from the PIV software 
% and the numbers of zeros in the filename depend on the image number.  
% For example in the loop from 1:10 only one vacancy is required in the  
% file name so one zero is removed from the original six and five remain.  
% For the loop from 11:100 two vacancies are required in the filename so  
% two zeros are removed. 
  
% The values (11,0) at the end of code line represent the number of the 
% cell in the excel file that MATLAB will start reading the values from. 
% The exported files include information at the beginning and the vector 
% values start from cell no. 11 in column no. 1 
  
  
%200 
  
for i=1:10 
    disp(['M200(:,' num2str(i) ')=csvread(''200.2wmoqgxv.00000' num2str(i-
1)  
        '.csv'',11,0);']) 
end 
  
for i=11:100 
    disp(['M200(:,' num2str(i) ')=csvread(''200.2wmoqgxv.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
for i=101:139 
    disp(['M200(:,' num2str(i) ')=csvread(''200.2wmoqgxv.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
  
%250 
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for i=1:10 
    disp(['M250(:,' num2str(i) ')=csvread(''250.2wmowms8.00000' num2str(i-
1) '.csv'',11,0);']) 
end 
  
for i=11:99 
    disp(['M250(:,' num2str(i) ')=csvread(''250.2wmowms8.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
for i=101:139 
    disp(['M250(:,' num2str(i) ')=csvread(''250.2wmowms8.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
  
%300 
  
for i=1:10 
    disp(['M300(:,' num2str(i) ')=csvread(''300.2wmp0x4w.00000' num2str(i-
1) '.csv'',11,0);']) 
end 
  
for i=11:99 
    disp(['M300(:,' num2str(i) ')=csvread(''300.2wmp0x4w.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
for i=101:139 
    disp(['M300(:,' num2str(i) ')=csvread(''300.2wmp0x4w.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
  
%350 
  
for i=1:10 
    disp(['M350(:,' num2str(i) ')=csvread(''350.2wmp4h29.00000' num2str(i-
1) '.csv'',11,0);']) 
end 
  
for i=11:99 
    disp(['M350(:,' num2str(i) ')=csvread(''350.2wmp4h29.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
for i=101:139 
    disp(['M350(:,' num2str(i) ')=csvread(''350.2wmp4h29.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
  
%400 
for i=1:10 
    disp(['M400(:,' num2str(i) ')=csvread(''400.2wmp8bb4.00000' num2str(i-
1) '.csv'',11,0);']) 
end 
  
for i=11:99 
    disp(['M400(:,' num2str(i) ')=csvread(''400.2wmp8bb4.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
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for i=101:139 
    disp(['M400(:,' num2str(i) ')=csvread(''400.2wmp8bb4.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
%450 
for i=1:10 
    disp(['M450(:,' num2str(i) ')=csvread(''450.2wmpd9nr.00000' num2str(i-
1) '.csv'',11,0);']) 
end 
  
for i=11:99 
    disp(['M450(:,' num2str(i) ')=csvread(''450.2wmpd9nr.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
for i=101:139 
    disp(['M450(:,' num2str(i) ')=csvread(''450.2wmpd9nr.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
%500 
for i=1:10 
    disp(['M500(:,' num2str(i) ')=csvread(''500.2wmph1yf.00000' num2str(i-
1) '.csv'',11,0);']) 
end 
  
for i=11:99 
    disp(['M500(:,' num2str(i) ')=csvread(''500.2wmph1yf.0000' num2str(i-1) 
'.csv'',11,0);']) 
end 
  
for i=101:139 
    disp(['M500(:,' num2str(i) ')=csvread(''500.2wmph1yf.000' num2str(i-1) 
'.csv'',11,0);']) 
end 
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Code (2): Plotter: Used in averaging vector maps, plotting temporal acoustic behavior at 
each location, selecting maximum amplitudes, applying calibration and plotting the final 
spatial plot. For space saving purposes some lines that are repeated and do not affect the code 
illustration are removed. These removed lines are part of the result of the first code “File 
name displayer”. 
 
close all, clear all, clc 
  
% The following lines are the output of the first code "Filename Displayer" 
% These lines are used to read the files exported from the PIV software 
% that contain the velocity vector values. 
  
  
% The vector values are imported into matrices where each column represents 
% a point in the acoustic cycle and the following columns represents the 
% following point in the cycle. Each matrix then contains the all the 
% values of one measurement point (e.g. M200 contains all the acoustic 
cycle 
% values at 200 mm from the loudspeaker) 
  
  
M200(:,1)=csvread('200.2wmoqgxv.000000.csv',11,0); 
M200(:,2)=csvread('200.2wmoqgxv.000001.csv',11,0); 
M200(:,3)=csvread('200.2wmoqgxv.000002.csv',11,0); 
M200(:,4)=csvread('200.2wmoqgxv.000003.csv',11,0); 
M200(:,5)=csvread('200.2wmoqgxv.000004.csv',11,0); 
M200(:,6)=csvread('200.2wmoqgxv.000005.csv',11,0); 
M200(:,7)=csvread('200.2wmoqgxv.000006.csv',11,0); 
M200(:,8)=csvread('200.2wmoqgxv.000007.csv',11,0); 
M200(:,9)=csvread('200.2wmoqgxv.000008.csv',11,0); 
M200(:,10)=csvread('200.2wmoqgxv.000009.csv',11,0); 
M200(:,11)=csvread('200.2wmoqgxv.000010.csv',11,0); 
M200(:,12)=csvread('200.2wmoqgxv.000011.csv',11,0); 
M200(:,13)=csvread('200.2wmoqgxv.000012.csv',11,0); 
M200(:,14)=csvread('200.2wmoqgxv.000013.csv',11,0); 
M200(:,15)=csvread('200.2wmoqgxv.000014.csv',11,0); 
M250(:,1)=csvread('250.2wmowms8.000000.csv',11,0); 
M250(:,2)=csvread('250.2wmowms8.000001.csv',11,0); 
M250(:,3)=csvread('250.2wmowms8.000002.csv',11,0); 
M250(:,4)=csvread('250.2wmowms8.000003.csv',11,0); 
M250(:,5)=csvread('250.2wmowms8.000004.csv',11,0); 
M250(:,6)=csvread('250.2wmowms8.000005.csv',11,0); 
M250(:,7)=csvread('250.2wmowms8.000006.csv',11,0); 
M250(:,8)=csvread('250.2wmowms8.000007.csv',11,0); 
M250(:,9)=csvread('250.2wmowms8.000008.csv',11,0); 
M250(:,10)=csvread('250.2wmowms8.000009.csv',11,0); 
M250(:,11)=csvread('250.2wmowms8.000010.csv',11,0); 
M250(:,12)=csvread('250.2wmowms8.000011.csv',11,0); 
M250(:,13)=csvread('250.2wmowms8.000012.csv',11,0); 
M250(:,14)=csvread('250.2wmowms8.000013.csv',11,0); 
M250(:,15)=csvread('250.2wmowms8.000014.csv',11,0); 
M300(:,1)=csvread('300.2wmp0x4w.000000.csv',11,0); 
M300(:,2)=csvread('300.2wmp0x4w.000001.csv',11,0); 
M300(:,3)=csvread('300.2wmp0x4w.000002.csv',11,0); 
M300(:,4)=csvread('300.2wmp0x4w.000003.csv',11,0); 
M300(:,5)=csvread('300.2wmp0x4w.000004.csv',11,0); 
M300(:,6)=csvread('300.2wmp0x4w.000005.csv',11,0); 
M300(:,7)=csvread('300.2wmp0x4w.000006.csv',11,0); 
M300(:,8)=csvread('300.2wmp0x4w.000007.csv',11,0); 
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M300(:,9)=csvread('300.2wmp0x4w.000008.csv',11,0); 
M300(:,10)=csvread('300.2wmp0x4w.000009.csv',11,0); 
M300(:,11)=csvread('300.2wmp0x4w.000010.csv',11,0); 
M300(:,12)=csvread('300.2wmp0x4w.000011.csv',11,0); 
M300(:,13)=csvread('300.2wmp0x4w.000012.csv',11,0); 
M300(:,14)=csvread('300.2wmp0x4w.000013.csv',11,0); 
M300(:,15)=csvread('300.2wmp0x4w.000014.csv',11,0); 
M350(:,1)=csvread('350.2wmp4h29.000000.csv',11,0); 
M350(:,2)=csvread('350.2wmp4h29.000001.csv',11,0); 
M350(:,3)=csvread('350.2wmp4h29.000002.csv',11,0); 
M350(:,4)=csvread('350.2wmp4h29.000003.csv',11,0); 
M350(:,5)=csvread('350.2wmp4h29.000004.csv',11,0); 
M350(:,6)=csvread('350.2wmp4h29.000005.csv',11,0); 
M350(:,7)=csvread('350.2wmp4h29.000006.csv',11,0); 
M350(:,8)=csvread('350.2wmp4h29.000007.csv',11,0); 
M350(:,9)=csvread('350.2wmp4h29.000008.csv',11,0); 
M350(:,10)=csvread('350.2wmp4h29.000009.csv',11,0); 
M350(:,11)=csvread('350.2wmp4h29.000010.csv',11,0); 
M350(:,12)=csvread('350.2wmp4h29.000011.csv',11,0); 
M350(:,13)=csvread('350.2wmp4h29.000012.csv',11,0); 
M350(:,14)=csvread('350.2wmp4h29.000013.csv',11,0); 
M350(:,15)=csvread('350.2wmp4h29.000014.csv',11,0); 
M400(:,1)=csvread('400.2wmp8bb4.000000.csv',11,0); 
M400(:,2)=csvread('400.2wmp8bb4.000001.csv',11,0); 
M400(:,3)=csvread('400.2wmp8bb4.000002.csv',11,0); 
M400(:,4)=csvread('400.2wmp8bb4.000003.csv',11,0); 
M400(:,5)=csvread('400.2wmp8bb4.000004.csv',11,0); 
M400(:,6)=csvread('400.2wmp8bb4.000005.csv',11,0); 
M400(:,7)=csvread('400.2wmp8bb4.000006.csv',11,0); 
M400(:,8)=csvread('400.2wmp8bb4.000007.csv',11,0); 
M400(:,9)=csvread('400.2wmp8bb4.000008.csv',11,0); 
M400(:,10)=csvread('400.2wmp8bb4.000009.csv',11,0); 
M400(:,11)=csvread('400.2wmp8bb4.000010.csv',11,0); 
M400(:,12)=csvread('400.2wmp8bb4.000011.csv',11,0); 
M400(:,13)=csvread('400.2wmp8bb4.000012.csv',11,0); 
M400(:,14)=csvread('400.2wmp8bb4.000013.csv',11,0); 
M400(:,15)=csvread('400.2wmp8bb4.000014.csv',11,0); 
M450(:,1)=csvread('450.2wmpd9nr.000000.csv',11,0); 
M450(:,2)=csvread('450.2wmpd9nr.000001.csv',11,0); 
M450(:,3)=csvread('450.2wmpd9nr.000002.csv',11,0); 
M450(:,4)=csvread('450.2wmpd9nr.000003.csv',11,0); 
M450(:,5)=csvread('450.2wmpd9nr.000004.csv',11,0); 
M450(:,6)=csvread('450.2wmpd9nr.000005.csv',11,0); 
M450(:,7)=csvread('450.2wmpd9nr.000006.csv',11,0); 
M450(:,8)=csvread('450.2wmpd9nr.000007.csv',11,0); 
M450(:,9)=csvread('450.2wmpd9nr.000008.csv',11,0); 
M450(:,10)=csvread('450.2wmpd9nr.000009.csv',11,0); 
M450(:,11)=csvread('450.2wmpd9nr.000010.csv',11,0); 
M450(:,12)=csvread('450.2wmpd9nr.000011.csv',11,0); 
M450(:,13)=csvread('450.2wmpd9nr.000012.csv',11,0); 
M450(:,14)=csvread('450.2wmpd9nr.000013.csv',11,0); 
M450(:,15)=csvread('450.2wmpd9nr.000014.csv',11,0); 
M500(:,1)=csvread('500.2wmph1yf.000000.csv',11,0); 
M500(:,2)=csvread('500.2wmph1yf.000001.csv',11,0); 
M500(:,3)=csvread('500.2wmph1yf.000002.csv',11,0); 
M500(:,4)=csvread('500.2wmph1yf.000003.csv',11,0); 
M500(:,5)=csvread('500.2wmph1yf.000004.csv',11,0); 
M500(:,6)=csvread('500.2wmph1yf.000005.csv',11,0); 
M500(:,7)=csvread('500.2wmph1yf.000006.csv',11,0); 
M500(:,8)=csvread('500.2wmph1yf.000007.csv',11,0); 
M500(:,9)=csvread('500.2wmph1yf.000008.csv',11,0); 
M500(:,10)=csvread('500.2wmph1yf.000009.csv',11,0); 
M500(:,11)=csvread('500.2wmph1yf.000010.csv',11,0); 
M500(:,12)=csvread('500.2wmph1yf.000011.csv',11,0); 
M500(:,13)=csvread('500.2wmph1yf.000012.csv',11,0); 
139 
 
M500(:,14)=csvread('500.2wmph1yf.000013.csv',11,0); 
M500(:,15)=csvread('500.2wmph1yf.000014.csv',11,0); 
M550(:,1)=csvread('550.2wmpmqvl.000000.csv',11,0); 
M550(:,2)=csvread('550.2wmpmqvl.000001.csv',11,0); 
M550(:,3)=csvread('550.2wmpmqvl.000002.csv',11,0); 
M550(:,4)=csvread('550.2wmpmqvl.000003.csv',11,0); 
M550(:,5)=csvread('550.2wmpmqvl.000004.csv',11,0); 
M550(:,6)=csvread('550.2wmpmqvl.000005.csv',11,0); 
M550(:,7)=csvread('550.2wmpmqvl.000006.csv',11,0); 
M550(:,8)=csvread('550.2wmpmqvl.000007.csv',11,0); 
M550(:,9)=csvread('550.2wmpmqvl.000008.csv',11,0); 
M550(:,10)=csvread('550.2wmpmqvl.000009.csv',11,0); 
M550(:,11)=csvread('550.2wmpmqvl.000010.csv',11,0); 
M550(:,12)=csvread('550.2wmpmqvl.000011.csv',11,0); 
M550(:,13)=csvread('550.2wmpmqvl.000012.csv',11,0); 
M550(:,14)=csvread('550.2wmpmqvl.000013.csv',11,0); 
M550(:,15)=csvread('550.2wmpmqvl.000014.csv',11,0); 
  
  
% The following commands define the sizes of the matrices which represent 
% the number of images to accommodate for different numbers of images if 
% present 
  
s200=size(M200);s250=size(M250);s300=size(M300);  
s350=size(M350);s400=size(M400);s450=size(M450); 
s500=size(M500);s550=size(M550); 
  
% The following commands are responsible for averaging the values of each 
% vector map to produce one value for each point in the acoustic cycle 
  
r200=mean(M200);r250=mean(M250);r300=mean(M300); 
r350=mean(M350);r400=mean(M400);r450=mean(M450); 
r500=mean(M500);r550=mean(M550); 
  
% The following commands are used to build the x-axis matrix using the 
% number of images for each measurement location 
  
t200=0:s200(2)-1;t250=0:s250(2)-1;t300=0:s300(2)-1; 
t350=0:s350(2)-1;t400=0:s400(2)-1;t450=0:s450(2)-1; 
t500=0:s500(2)-1;t550=0:s550(2)-1; 
  
% The following commands plot the temporal acoustic behavior at each 
location and  
% proceed with presenting the selection tool for the user to select the 
% maximum amplitudes for each location 
  
figure, grid on, hold on, plot(t200,r200,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('200mm') 
[j1,y1]=ginput(6);y1=abs(y1);y1m=mean(y1); 
  
figure; grid on, hold on, plot(t250,r250,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('250mm') 
[j2,y2]=ginput(6);y2=abs(y2);y2m=mean(y2); 
  
figure; grid on, hold on, plot(t300,r300,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('300mm') 
[j3,y3]=ginput(6);y3=abs(y3);y3m=mean(y3); 
  
figure, grid on, hold on, plot(t350,r350,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('350mm') 
[j4,y4]=ginput(6);y4=abs(y4);y4m=mean(y4); 
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figure; grid on, hold on, plot(t400,r400,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('400mm') 
[j5,y5]=ginput(6);y5=abs(y5);y5m=mean(y5); 
  
figure; grid on, hold on, plot(t450,r450,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('450mm') 
[j6,y6]=ginput(6);y6=abs(y6);y6m=mean(y6); 
  
figure; grid on, hold on, plot(t500,r500,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('500mm') 
[j7,y7]=ginput(6);y7=abs(y7);y7m=mean(y7); 
  
figure; grid on, hold on, plot(t550,r550,'k'),xlabel('Time Step'), 
ylabel('Particle displacement (Pixel)'),title('550mm') 
[j8,y8]=ginput(6);y8=abs(y8);y8m=mean(y8); 
  
  
% Measurement locations for the final spatial plot 
x=[0.465 0.515 0.565 0.615 0.665 0.715 0.765 0.815]; 
  
% Averaging and normalizing the maximum velocity amplitudes that were  
% selected manually  
ym=[y1m y2m y3m y4m y5m y6m y7m y8m]; 
ymax=max(ym); 
ym=ym./ymax; 
  
  
%Plotting all temporal results in one figure 
figure 
subplot(2,4,1);grid on, hold on, plot(t200,r200,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel)'),title('x=200mm') 
subplot(2,4,2);grid on, hold on, plot(t250,r250,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=250mm') 
text(-100,13,'PIV Measurements 129Hz - No Stack - 2.5 Volts to Speaker - 
20us - 2700 Hz TR - 50% Overlap - 128x128 pixels^2') 
subplot(2,4,3);grid on, hold on, plot(t300,r300,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=300mm') 
subplot(2,4,4);grid on, hold on, plot(t350,r350,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=350mm') 
subplot(2,4,5);grid on, hold on, plot(t400,r400,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=400mm') 
subplot(2,4,6);grid on, hold on, plot(t450,r450,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=450mm') 
subplot(2,4,7);grid on, hold on, plot(t500,r500,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=500mm') 
subplot(2,4,8);grid on, hold on, plot(t550,r550,'-o'),xlabel('Time 
Step'),ylabel('Particle displacement (Pixel'),title('x=550mm') 
  
%Plot normalized standing wave only 
                      %Relative  
figure,plot(x,ym,'*'),xlabel('Distance from speaker 
[mm]'),ylabel('Normalized Amplitude'),xlim([100 600]),ylim([0 1.2]) 
title('PIV Measurements 129Hz - No Stack - 2.5 Volts to Speaker - 185us - 
2700 Hz TR - 50% Overlap - 128x128 pixels^2 - Normalized values') 
  
                       
%Plot actual particle displacement  
j=[y1m y2m y3m y4m y5m y6m y7m y8m]; 
figure,plot(x,j,'*'),xlabel('Distance from speaker [mm]'),ylabel('Particle 
displacement [pixels]'),xlim([100 600]) 
title('PIV Measurements 129Hz - No Stack - 2.5 Volts to Speaker - 185us - 
2700 Hz TR - 50% Overlap - 128x128 pixels^2 - Particle displacement') 
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%Plot actual velocity values  
p2mm=0.030303;%One pixel in mm calibration 
tbp=185e-6;%Time between pulses 
trans=p2mm/1000/tbp; 
v_NoStack_0=j.*trans; 
figure,plot(x,v_NoStack_0,'o'),xlabel('Distance from speaker 
[mm]'),ylabel('Absolute particle velocity [m/sec]'),xlim([150 600]),ylim([0 
16]),hold on 
title('PIV Measurements 129Hz - No Stack - 2.5 Volts to Speaker - 185us - 
2700 Hz TR - 50% Overlap - 128x128 pixels^2 - Absolute particle velocity') 
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Appendix D Detailed numerical DeltaEC models of the different stack 
configurations presented in chapter ‎0. 
 
 Numerical DeltaEC model of the 100 CPSI – 0.045 mm length configuration 
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 Numerical DeltaEC model of the 200 CPSI – 0.045 mm length configuration 
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 Numerical DeltaEC model of the 400 CPSI – 0.045 mm length configuration 
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 Numerical DeltaEC model of the 600 CPSI – 0.045 mm length configuration 
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 Numerical DeltaEC model of the 600 CPSI – 0.0225 mm length configuration 
 
 
